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latrogenic vascular air embolism is a relatively infrequent event but is associated
with significant morbidity and mortality. These emboli can arise in many clinical
settings such as neurosurgery, cardiac surgery, and liver transplantation, but more
recently, endoscopy, hemodialysis, thoracentesis, tissue biopsy, angiography, and
central and peripheral venous access and removal have overtaken surgery and
trauma as significant causes of vascular air embolism. The true incidence may be
greater since many of these air emboli are asymptomatic and frequently go
undiagnosed or unreported. Due to the rarity of vascular air embolism and
because of the many manifestations, diagnoses can be difficult and require
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immediate therapeutic intervention. An iatrogenic air embolism can result in both
venous and arterial emboli whose anatomic locations dictate the clinical course.
Most clinically significant iatrogenic air emboli are caused by arterial obstruction of
small vessels because the pulmonary gas exchange filters the more frequent,
smaller volume bubbles that gain access to the venous circulation. However, there
is a subset of patients with venous air emboli caused by larger volumes of air who
present with more protean manifestations. There have been significant gains in the
understanding of the interactions of fluid dynamics, hemostasis, and inflammation
caused by air emboli due to in vitro and in vivo studies on flow dynamics of bubbles
in small vessels. Intensive research regarding the thromboinflammatory changes at
the level of the endothelium has been described recently. The obstruction of
vessels by air emboli causes immediate pathoanatomic and immunologic and
thromboinflammatory responses at the level of the endothelium. In this review, we
describe those immunologic and thromboinflammatory responses at the level of
the endothelium as well as evaluate traditional and novel forms of therapy for this

rare and often unrecognized clinical condition.

KEYWORDS

air embolism, decompression sickness, hyperbaric oxygenation, thromboinflammation,
microbubbles, arterioles

1 Introduction

The word “embolus” derives from a Greek word referring to a
stopper (1). Therefore, a vascular air embolus is a bubble that stops
the flow of blood in the arteries and/or veins. Iatrogenic vascular air
embolism is a relatively infrequent event but can be associated with
significant morbidity and mortality, and thus, early recognition and
treatment are crucial. The clinical consequences of iatrogenic air
embolism depend on the anatomic locations and whether the
emboli are venous or arterial. Most clinically significant iatrogenic
air emboli are caused by arterial obstruction of small vessels because
the pulmonary filtration absorbs the more frequent, smaller volume
bubbles that gain access to the venous circulation. However, there is
a subset of patients with venous air emboli caused by larger bubbles
who present with more protean manifestations. The knowledge of
iatrogenic air emboli has expanded significantly since the late
19th century, yet early recognition of this disease remains
underappreciated (2-7).

Arterial and venous air emboli include those caused by non-
iatrogenic phenomena, the most clinically frequent being changes in
ambient pressure during diving resulting in decompression illness
(DCI), whereby dissolved gasses, primarily nitrogen, come out of
solution and form bubbles within the body (8). Therefore, the term
“gas” is often used when referring to diving-related gas emboli.
However, in iatrogenic cases, most gas emboli are due to the
introduction of ambient air into the vascular circulation. This
review will use the terms venous air embolism (VAE) and arterial
air embolism (AAE) to specify air in the venous and arterial
circulations, respectively, as opposed to the more general term
“gas.” It has been shown that the degree of complement activation is
independent of the type of gasses present because air, pure oxygen,
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and pure nitrogen activate complement to the same extent (1-3,
9-16).

Historically, reports of air embolism have existed since 1769
when the Italian anatomist Giovanni Morgagni discussed cerebral
air embolism (CAE) in his postmortem findings (17). However,
animal experiments have been performed since 1667 when
Francesco Redi injected air intravenously into different animals,
which subsequently killed them (5). Experimental studies
performed during the 250 years after Morgagni’s findings have
provided valuable data concerning the manifestations of VAE and
AAE. In the late 19th and early 20th centuries, increased reporting
of air emboli occurred with the observation that the supine and
head-down position improved outcome (1-3, 5, 6, 12, 18). In 1947,
Thomas Durant proposed Durant’s maneuver, which involved
Trendelenburg and left lateral decubitus (LLD) positioning of the
patient as a therapeutic maneuver for suspected VAE to prevent
right ventricular outflow obstruction. Durant also demonstrated
that CAE could cause local brain ischemia (15). Other than
Durant’s maneuver and the administration of 100% oxygen via
non-rebreather, there was minimal effective therapy available until
the 1970s when the use of hyperbaric oxygen therapy (HBOT) was
introduced as the preferred treatment for recompression of air
emboli (1, 19-21). In the following two decades, the pace of research
increased significantly because of the increased availability of
ultrasound and new tools for diagnosing the immunologic and
hemostatic consequences of vascular air emboli (1, 21-24).

Single cases and multi-institution case series have described the
complications of air embolism that can arise in a multitude of
clinical scenarios including radiologic interventions, polytrauma,
and surgical cases. Specifically, air emboli have been described in
neurosurgery, abdominal surgery, genitourinary instrumentation,
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vascular surgery, cardiac surgery, and liver transplant surgery.
Endoscopy, hemodialysis, thoracentesis, tissue biopsy,
angiography, and central and peripheral venous access and
removal have joined surgery and trauma as significant causes of
VAE (2, 4, 25). With the expansion of interventional radiology (IR),
air emboli have become much more common in these types of
procedures. Air embolism has been previously reported in the IR
literature at a frequency of about 0.13% (4, 26). They have an
estimated incidence of 1 in 772 endovascular procedures according
to one series. It has also been proposed that iatrogenic air embolism
complicates 2.65 in 100,000 hospitalizations. The true incidence
may be greater since many air emboli are asymptomatic (14,
26-28).

There have been advances in the understanding of the
interactions of fluid dynamics, hemostasis, and inflammation
caused by air emboli due to in vitro and in vivo studies of bubbles
in small vessels, including recent research regarding the
thromboinflammatory changes at the level of the endothelium
(12, 29-50).

Basic treatment of air embolism will involve HBOT (51).
However, other treatment measures in conjunction with HBOT
are useful and can lead to better patient outcomes. Although air
emboli due to invasive non-surgical procedures are considered
uncommon, the severe symptoms and relative preventability
make elucidating both treatment and prevention of air emboli
useful (2-4, 27, 52, 53). Several experimental animal studies have
shed light on the prevention, treatment, and potential clinical
course of air embolisms (3, 54-57). It has been previously
described that air in the cerebral arterial circulation may cause an
immediate increase in intracranial pressure (ICP) resulting in an
“extremely inhomogeneous distribution” of cerebral blood flow
(CBF) with localized heterogeneous ischemia and hyperemia (3).
This is thought to be the cause of the recurrence of symptoms with
resumption of ambient pressure after HBOT, which is well-
described in the literature (50, 58, 59). Here, we review the
anatomical and pathophysiologic foundations responsible for the
varied clinical presentations, diagnoses, and treatments of
iatrogenic air embolisms.

2 Pathoanatomy and importance of
patient positioning

Understanding the pathophysiology of air embolisms is best
approached by following the path of air injected into the venous or
arterial circulation. The clinical manifestations of the introduction
of air into the vasculature are a function of the location, volume, and
rate of injection of air, which determine the pathway taken by the
air (Figure 1) (1-4, 13, 14, 62, 63).

Animal studies have demonstrated that the volume and rate of
air injected into the venous circulation correlate with signs and
symptoms. Bubbles can cross the pulmonary capillary bed and enter
arterial circulation if they overwhelm pulmonary filtration capacity
(64). In canine experiments, bubbles that were too small to get
trapped (smaller than 22 um) could enter directly into arterial
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circulations and provoke inflammation as they passed through the
pulmonary circulation (65). In the same animal experiments, it was
shown that at infusion rates of a single bolus of over 20 cc of gas or
0.15 cc/kg/min for 30 minutes, the bubbles may deform or rupture
the lung capillaries, inflame the pulmonary endothelium, and cross
into the pulmonary vein and into the systemic arterial circulation
(64, 66). Once the bubble arrives on the arterial side of the
circulation, the bubbles can lodge in an end organ, most lethally
in the cerebral or coronary circulation. Lower volumes of air
injected into the human venous circulation (less than 50 cc) may
be absorbed by the pulmonary filtration system without pathologic
response (2). Larger amounts of air may also be absorbed by the
pulmonary filtration system but may also become trapped in the
pulmonary circulation causing pulmonary edema and
inflammation but are more likely to exceed pulmonary filtration
capacity or pass through a right-to-left shunt resulting in
paradoxical embolism. In any large volume symptomatic VAE, an
“air lock” or “vapor lock” may be induced in the right ventricular
outflow tract which may produce circulatory collapse. An AAE may
further develop depending on the natural evolution of the “air lock”
and response to treatment (2-4, 12-14, 62, 64). In case reports,
accidental injection of 200-300 cc of air into the human vascular
circulation has been described as lethal (4).

For clarity, we will describe the effects of VAE, paradoxical air
embolism, and direct AAE separately.

2.1 Venous air embolism

VAE is caused by air being introduced directly into the venous
circulation and may follow one or more of primarily three pathways.
The VAE may ascend superiorly through the valveless superior vena
cava and the jugular veins to cause CAE. The bubble can travel against
blood flow in the veins and towards the head if its buoyancy allows its
speed to exceed slow venous blood flow. This is known as retrograde
flow (Figure 2A). Large bubbles are more buoyant, so they are more
likely to travel to the brain if the patient is seated upright (60, 61).
Durant’s maneuver, in concert with mechanical removal of air through
aspiration performed within minutes of VAE identification, may
mitigate these effects (4, 15, 62, 68-70). The most common causes of
cerebral VAE are central lines or, less frequently, peripheral lines.

The other two primary routes by which VAE may travel are to
the inferior vena cava to the liver (in ideal Durant’s positioning) or
to the right heart and pulmonary circulation. Large volumes of
bubbles (greater than 50 cc) may overwhelm the capacity of the lung
to clear the gas and cause an “air lock” or “vapor lock” in the right
ventricle. The resultant reduction of flow from the right heart may
cause an increase of central venous pressure (CVP) and decreased
pulmonary and systemic arterial pressure. A large volume of smaller
bubbles can traverse the right ventricular outflow tract and lodge in
the pulmonary arterioles or microcirculation reducing blood flow
and causing vasoconstriction, further increasing right ventricular
pressure and pulmonary vascular resistance. Whether small or large
bubbles are injected into the venous circulation, a percentage of the
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Overview of Air Embolism

FIGURE 1

(A) Entry of air into the superior and inferior vena cava. Most air follows the superior or inferior vena cava into the right ventricle. Less commonly, air
injected into the venous circulation will rise in a retrograde fashion into the cerebral circulation due to the natural buoyancy of the air bubble and
cause protean symptoms of venous occlusion of the cerebral vasculature. This scenario occurs, for example, with the injection of air during the
insertion or withdrawal of a central line in the sitting position. Note that due to the competing effects of buoyancy and drag, larger bubbles are more
likely than smaller bubbles to become retrograde (60, 61). (B) Air in the right ventricle may totally occlude the pulmonary outflow tract causing an
“air lock” or “vapor lock” with resultant shock. (C) Air may pass through the pulmonary artery, may diffuse into the alveoli, or be trapped in the
pulmonary filter causing inflammation with impairment of gas exchange. (D) Air may overwhelm the pulmonary circulation and enter the left heart
and systemic circulation or traverse a patent foramen ovale or a right-to-left shunt (arrow). (E) Air may enter the left heart and systemic circulation
directly by injection into the pulmonary vein or from the right heart via the lung, a right-to-left shunt, or a patent foramen ovale. (F) Systemic air
embolism, whether from the right heart or injected directly into the arterial circulation causes end organ damage, most commonly cerebral and

cardiac. (Adapted from Storm 2022) (Created with BioRender.com).

10.3389/fimmu.2023.1230049

bubbles may pass through the pulmonary capillaries and may enter
the arterial circulation causing organ ischemia due to AAE
(Figure 2B). The secondary immunothrombotic effects of air
embolism can result in significant local endothelial damage. The
accumulation of fibrin, platelets, and activated neutrophils occurs at
the gas-fluid interface. Subsequent endothelial injury is then caused
by complement activation and the release of reactive oxygen species,
inflammatory cells, and mediators. This endothelial damage may
cause non-cardiogenic pulmonary edema, bronchoconstriction,
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hypoxemia due to ventilation perfusion mismatching, and
increased physiologic dead space with decreased lung compliance
and increased airway resistance (2-4, 13, 14, 62, 71-77).

Animal studies have investigated how the pulmonary filtration
system protects the systemic circulation, including cerebral and
coronary circulations. These studies have defined the volume and
rate of bubbles that can overwhelm this pulmonary filtration system
and have provided insight into the thromboinflammatory changes
at the level of the pulmonary endothelium, which produces the
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Obstruction of Pulmonary Circulation

(A) Bubbles that stay in the venous circulation may proceed retrogradely towards the head if the patient remains in a sitting position since the
buoyancy of the bubble can overcome slow antegrade venous blood flow. Larger bubbles are more buoyant than smaller bubbles, so they are more
likely to experience retrograde flow, which can allow the bubble to reach the brain and cause a venous cerebral air embolism. This can lead to
mental status change, seizure, focal neurological deficit, and shock. (B) Venous air emboli may also travel through the superior or inferior vena cava
into the heart, which can lead to obstruction of the right ventricular outflow tract if the bubble is large enough. Smaller bubbles may obstruct
pulmonary capillaries, leading to pulmonary vasoconstriction, obstruction, and capillary leak (2, 3, 29, 60, 67). (Created with BioRender.com).

clinical response seen with varying volumes of air injected into the
venous and arterial circulation (2-4, 50, 65).

Canine studies have shown that the pulmonary filtration threshold
leading to arterial spillover of air bubbles in over 70% of dogs is 0.40 cc
of air/kg/min (78). When VAEs are entrapped in the pulmonary
circulation, they can lodge in pulmonary capillary beds compromising
gas exchange. This may not only cause diminished gas exchange but
also cardiac arrhythmias, dyspnea, pulmonary hypertension, and acute
cor pulmonale. The entrapment of the pulmonary air bubbles may also
result in pulmonary tissue injury with capillary leak. The resultant
reduction of the functionality of endogenous surfactant also causes
impaired gas exchange due to alveolar collapse and atelectasis, which
often requires mechanical ventilation (3, 79). Endothelial and
pulmonary cellular injury and lung edema are the result of
thromboinflammatory changes provoked by the release of damage-
associated molecular patterns, normally not exposed to the innate
immune system but recognized by the pattern recognition receptors
when cell and tissue damage occur. Innate upstream systems like
complement, toll-like receptors, and others induce downstream release
(e.g., from the complement C5a-C5aR1 axis) of innumerable of
inflammatory vasoactive mediators such as thromboxane,
leukotrienes, cytokines, and coagulation factors with resultant
increase in alveolocapillary permeability (1, 3, 12, 30, 35-37, 79, 80).

Symptomatic VAEs with protean prodromes such as
arrhythmias, chest pain, dyspnea, nausea, dizziness, blurry vision,
syncope, and shock occur much less frequently than symptomatic
AAEs that show similar manifestation yet are accompanied by
symptoms and signs of focal, cerebral, and cardiac ischemia.
Because air injected into the venous circulation can be trapped in
the right heart, it has been suggested that the assumption of the
Trendelenburg position in the LLD allows for dissipation of the
bubbles outside of the pulmonary outflow tract. Therefore, Durant’s
maneuver’s use is only for clinical situations where there is evidence
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of air trapping in the right heart, so it is reserved for VAE and is not
to be used for AAE (10, 13, 60, 68, 81-83).

2.2 Arterial air embolism

2.2.1 Paradoxical air embolism

Air in the venous circulation may overwhelm the pulmonary filter
and enter the arterial circulation (Figure 3A) (84). These paradoxical
emboli can also occur in the presence of any right-to- left shunt and can
be enhanced by positive end-expiratory pressure and Valsalva
maneuvers (Figure 3B). Thus, the pathway for air to travel once
injected into the venous circulation depends on the pressure
gradients, volume, and rate of air injected (2-4, 13, 14, 62, 64).

2.2.2 Direct arterial air embolism

Examples of direct AAE include inadvertent injection of air into
the pulmonary veins or any systemic arterial side of circulation
(Figure 4). Injection of air into the pulmonary veins, for example,
may cause symptoms depending on the volume of air and the anatomic
destination of the air bubble. Travel to the carotid and coronary arteries
may cause immediate stroke or cardiac-related symptoms. Similar
symptoms may occur due to direct injection during carotid surgery,
during cardiac catheterization with inadvertent injection of air into the
coronary arteries, or with perforation of the left atrium and creation of
an atrial-esophageal fistula.

Historically, presentations of coronary air embolism were noted
by Durant in 1949 (16), whereby within minutes of injection, a
hypertensive crisis and ventricular fibrillation ensued. This canine
study reported that doses between 0.05 and 1 cc of air injected into
the left anterior descending coronary artery caused significant
mortality (16). Durant’s initial findings in canines have been
supported by subsequent studies on anesthetized swine wherein
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Right-to-left intracardiac
shunt (e.g., PFO, VSD)

latrogenic paradoxical air embolism can occur when air enters the venous circulation with subsequent entrance into the systemic arterial circulation
which then causes end-artery occlusion. (A) Venous air may overwhelm the pulmonary circulation either through a large bolus of gas or small
continuous amounts. (B) Another mechanism for entrance of venous air into the arterial circulation is the passage of air through a patent foramen
ovale (PFO), a ventricular septal defect (VSD), or another right-to-left cardiac or pulmonary shunt. Every venous air embolism has the potential to
evolve into an arterial air embolism (2, 3, 84). (Created with BioRender.com).

air bubbles with diameters of 150 um and volumes of 0.002 cc/kg of
body weight were injected into coronary circulation and caused
severe life-threatening arrhythmias and signs of global cardiac
dysfunction (3, 85, 86). It was also noted that mongrel dogs
injected with 0.02 cc/kg of air into the left anterior descending
coronary artery had a 28% mortality without extracorporeal
circulation, whereas the animals who were on extracorporeal
circulation had no post-embolic death. These findings were
supported by the absence of myocardial ischemia in the
extracorporeal circulation group as assessed by continuous
thermographic measurements and fluorescent techniques (87).

Occlusion of arterial cerebral vessels is the more common
manifestation of AAE because of the predominance of arterial
flow, which bypasses the coronary vessels as the bubbles follow
the higher flow into the cerebral circulation. Any procedure that
allows for the entrance of air into the arterial circulation will result
in nearly immediate symptoms due to cerebral arterial obstruction.
As mentioned before, this obstruction causes an immediate increase
in ICP resulting in a heterogeneous distribution of CBF with
localized heterogeneous ischemia and hyperemia. Abnormal
distribution of CBF can explain the significant vacillation of
symptoms before, during, and after HBOT (3, 54-57).

2.3 Decompression illness and
pulmonary barotrauma

DCI broadly describes two entities: decompression sickness
(DCS) and direct pulmonary barotrauma causing arterial gas
embolism (AGE). The term AGE is used rather than AAE in
diving to include breathing gas mixtures which may include
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varying amounts of oxygen, nitrogen, and occasionally helium.
DCS occurs when bubbles of gas form in tissues of the body
following a reduction of environmental pressure causing vascular
and tissue injury. It manifests the symptoms colloquially termed the
“bends,” “chokes,” or “staggers” as a consequence of bubble
formation from dissolved inert gas during or after decompression
(88). The pathophysiological rationale for the treatment of
iatrogenic vascular air emboli is primarily based on the better
studied DCI in diving but also in aviation and space flight.
Henry’s law (C = kP) states that the concentration of dissolved
gas (C) is equal to the product of Henry’s constant (k) and the
partial pressure of the gas (P) (89). This conceptualizes the
dissolving and formation of bubbles in and out of solution with
changes in the partial pressure of the gas. Because partial pressure of
a gas is proportional to total absolute pressure, decreasing
ambient pressure will drive gas out of solution and vice versa.
These bubbles form within the venous circulation rather than
arterial due to lower partial pressures and most often remain
asymptomatic because of pulmonary capillary absorption. Much
as with iatrogenic VAE, larger volumes of bubbles may cause
symptoms through entrapment in the pulmonary circulation or
arterial manifestations via paradoxical embolism. Additionally,
rapid decreases in ambient pressure during ascent among divers
may cause the entrance of gas into the pulmonary venous
circulation, which causes an AGE. Pulmonary barotrauma due to
expansion of trapped air in the alveoli with reference to Boyle’s Law
(P1V1 = P2V2) results in alveolar rupture and translocation of air
directly into the pulmonary venous circulation (63). This can
happen, in particular, if an ascending diver holds their breath
during ascent (12). A large body of evidence has accumulated in
studies of DCI among divers; therefore, discussion of DCI forms a
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FIGURE 4

Direct air embolism is caused by the entry of gas into the pulmonary
veins or directly into the arteries of the systemic circulation. This
figure describes the injection of air into pulmonary venous
circulation, which can occur after a procedure such as a biopsy.
Subsequent arterial air embolization can occur immediately after the
biopsy (63). (Created with BioRender.com)

useful foundation for the pathophysiologic understanding of the
clinical presentation caused by the rare event of the introduction of
iatrogenic air bubbles into the venous or arterial circulations (12,
88, 90).

AGE may occur not only after decompression but also by
iatrogenic or pulmonary physical barotrauma from blunt or
penetrating injury. For example, alveolar or bronchiolar rupture
with resultant introduction of air into the arterial circulation may
occur with noninvasive positive pressure or mechanical ventilation
following blunt or penetrating lung trauma. Much as with diving-
associated entrance of air into the pulmonary venous circulation, the
entrance of air into the systemic arterial circulation may cause
evidence of end-organ arterial ischemia, which is most commonly
cerebral injury (67, 91-95). Clinical descriptions of DCI were written
as early as 1854 regarding the digging of coal pits (12, 96).
Compressor technology required for diving developed in the 1880s
and resulted in the description of the symptom complex known as the
“bends” (12). The term “bends” derived from caisson workers who
presented with pulmonary, neurologic, and vestibular anomalies
while working on bridge projects in the 1870s. Classically, the
clinical description of DCI has been a function of the major
anatomic area which is affected by air bubbles. Clinical
presentations of DCI are divided into neurologic, inner ear, and
pulmonary findings. Specifically, pulmonary involvement such as
pulmonary congestion causes the “chokes” while vestibular/inner ear
injury causes the “staggers.” Neurologic involvement can present with
ataxia if due to cerebellar injury. In addition, involvement of cerebral,
spinal cord, or peripheral nerves can occur with DCI (8, 51). Figure 5
demonstrates the creation of an AGE caused by DCI with the rupture
of an alveolus and the entrance of alveolar air into the pulmonary
venous circulation caused by the decreased external alveolar pressure
and resultant expansion and rupture of the alveolus with ascent. DCI
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often implies the simultaneous presence of gas bubbles in veins and in
arteries due to the diffuse nature of gas bubble distribution in blood
and tissue. A manifestation of DCI is the AGE associated with
pulmonary barotrauma whereby a mixture of air and gas ruptures
from the alveoli into the pulmonary venous circulation traveling to
the arterial circulation (Figure 5). In iatrogenic AAE, a common
cause is the entry of air into the pulmonary venous circulation
through radiologic procedures with a similar outcome as
with the AGE associated with DCI-induced pulmonary
barotrauma (Figure 4).

2.4 Patient positioning: Durant’s
maneuver for venous emboli; supine
for arterial emboli

Durant’s maneuver in animal studies has been shown to
decrease mortality (15, 16). The supposition has been that
Durant’s maneuver reduces cerebral embolic air obstruction and
relieves the “air lock” on the right side of the heart (2, 4, 15, 62).

Antecedent to Durant’s animal studies, Kent and Blades
demonstrated that injection of 1.0 cc of air into the pulmonary
vein of 28 dogs was universally fatal. However, when the dogs were
injected with the body in a vertical position and the head down, as
much as 8-14 cc were tolerated. It was noted that for dogs held in
the vertical position, air became trapped in either the left atrium or
ventricle and was eventually “forced by ventricular contraction into
the aorta.” This 1942 study concerning arterial injection through
the pulmonary vein paved the way for Durant’s observations
regarding the protective effect of Durant’s maneuver (97).

Durant noted that animals who had been injected with varying
volumes of air in the venous circulation survived when placed in the
LLD position. This finding led Durant to propose that the
immediate assumption of the LLD position with Trendelenburg
positioning of the head would allow for the alleviation of air from
the pulmonary outflow tract due to the bubble’s positioning in the
posterior aspect of the right ventricle where the bubble could be
gradually absorbed by the pulmonary circulation. It was proposed
that the bubbles would then flow upward into the liver bed due to
their buoyancy. Durant’s hypothesis and subsequent research in
animals that led to this maneuver was presaged by Van Allen and
Hrdina, who in 1929, performed experiments where air was injected
into the pulmonary veins. This demonstrated that the animals
that had their heads in the Trendelenburg position died due to
coronary involvement instead of cerebral involvement since the
Trendelenburg positioning of the head avoided cerebral ascension
of VAEs. Van Allen and colleagues calculated that animals could
withstand pulmonary venous air injections of 0.5 cc/kg when the
head was up, 1.5 cc/kg when the head was horizontal, and 3.3 cc/kg
when the head was down in the Trendelenburg position. Therefore,
Durant’s position was thought to reduce mortality by preventing
the bubbles from entering the brain and causing rapid respiratory
failure from disrupted CBF to the medulla oblongata or later death
by decerebration (6, 15, 16). The explanation for the justification of
Durant’s maneuver can be best appreciated by quoting Durant’s
1947 (15) paper with its elegant prose:
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The mechanical forces due to increasing barometric pressure expressed on the alveolar wall can cause infiltration into the pulmonary venous
circulation. With respect to DCI, Boyle's law (P,V; = P,V,) can give mathematical insight to the etiology of baro-rupture. As pressure decreases
during ascent, volume of air in the lungs increases. This is why rapid ascension coupled with slow exhalation (or holding one’s breath) can lead to a

disastrous scenario (63, 90). (Created with BioRender.com).

“An explanation for the recovery of animals when turned into
the left lateral position is to be found in the observations made in
the open chest experiments. These have shown that the right
ventricle labors against the obstruction of an air trap in its
outflow tract when the position of the animal is such as to make
this the most superior portion of the right heart. Such would be the
case with the animal on his back or on his right side. When turned
onto the left side, however, the outflow tract assumes a position
inferior to the body of the right ventricle. The air trap then
disappears from this, now inferior, position and is presumably
churned into a froth which is mixed with the blood in the right
ventricular cavity. The obstruction to the circulation is thus relieved
and blood can be propelled into the pulmonary vessels by the now
unimpeded right ventricular contractions. The froth gradually
disappears from the cavity of the right ventricle, and it must be
assumed that it has been transported into the lungs with the blood
where excretion can take place” (15).

To more clearly explain Durant’s rationale for his maneuver, we
rephrase with a modern description the effect of this position
observed during the open chest experiments (Figure 6) (15).
Subsequent to Durant’s paper, it was proposed that some of the
smaller bubbles also migrated into the hepatic and inferior vena
cava circulation because of their increased mobility. Durant’s
explanation has been validated by the observation that external
cardiac massage which causes a similar disruption of the large
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bubble into small bubbles provided equally affected treatment of
VAE in dogs when compared to intracardiac aspiration and LLD
positioning (62, 81).

In spite of Durant’s direct witnessing of the gradual
dissipation of “froth” from the right ventricle with the
assumption of the LLD position and the recommendation of
Durant’s maneuver as the nitial immediate form of therapy for
iatrogenic VAE in the central venous system, the ideal position
remains controversial (4, 62, 98). However, assumption of
Durant’s position is not beneficial for those patients who have a
conversion of a venous to an arterial embolism or those who have
direct arterial injection because the bubble is no longer in the
venous circulation or right heart. Durant mentioned this when he
stated, “The position of the body is much less important
therapeutically in arterial air embolism than in the pulmonary
form. The head down position does prevent cerebral involvement
if the patient is in that position when the embolism occurs, but it
does not cause a clearing of the cerebral manifestations if the
position is assumed only after the accident has taken place.
Furthermore, it does not prevent coronary artery involvement”
(15). Therefore, Durant’s maneuver should be limited to those
circumstances where there is clear evidence that air has entered
the venous system and remains out of arterial circulation where
Durant’s maneuver will be deleterious because of the resultant
increase in ICP with CAE (4, 13, 15, 19, 62, 68, 82).
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FIGURE 6

Coronal views of the right ventricle and pulmonary outflow tract based on the open chest observations by Durant after injection of large
quantities of air into dogs in the supine position and after Durant's maneuver. (Left) Supine position: “Air lock” caused by large air bubbles
obstructing pulmonary outflow tract in the superior right ventricle. (Middle) Left lateral decubitus position: Immediately after assumption of
Durant’s maneuver, air is no longer in the pulmonary outflow tract due to an inferior position in right ventricular outflow tract. (Right) Minutes
after assumption of Durant's maneuver, there is right ventricular compression of the bubble in the inferior aspect of the right ventricle
undergoing mechanical induced “frothing” and movement of the smaller bubbles into the pulmonary circulation for absorption. (Bottom) In
addition, air in the atrium may also migrate into the vena cava due to the increased mobility of the smaller bubbles, which may result in the
microbubbles also migrating upward and distally into the hepatic vein and vena cava circulation (1, 15, 62, 81). (Adapted from Storm 2022)

(Created with BioRender.com).

3 Pathophysiology: the
immunothrombotic and endothelial
responses to air emboli

Bubble size is a significant determinant for the pathophysiology
of air embolisms. It is instructive to speak not just of bubble
dimensions but also of vessel size. Arterioles range from 100-300
pm, and minimal thresholds for obstruction have been reported in
experimental literature as ranging from 30-250 um (2, 29, 50).

Small bubbles irritate the vascular wall, which can disrupt the
blood-brain barrier (BBB) (99). However, these small bubbles only
briefly disrupt the cerebral arteriolar flow as the bubbles are rapidly
absorbed (100). There is a correlation between bubble size, blood
flow, and brain function. Different thresholds of bubble size that
cause relative reduction in CBF have been proposed. For example,
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bubble size between 30 and 60 um have been shown to reduce CBF
and cerebral function. Other animal studies have demonstrated
significant reductions of CBF at 100 pum. It has also been shown that
bubble volumes as small as 10 nL may persist for more than 35
minutes, which can significantly impede the delivery of oxygen to
areas such as the brain and heart. It has been proposed that a
diameter of 250 um represents a threshold at which CBF is
completely impaired (37). At these obstruction threshold values,
variable reduction of CBF and cerebral function are likely and may
explain the protean manifestations and the delayed response of
HBOT (2, 3, 29). Unlike thrombotic emboli, an air embolism may
obstruct local blood flow, but if the bubbles disappear during HBOT
or through other mechanisms, blood flow will return to normal.
However, this return to a normal level of blood flow may only be
temporary since subsequent reduction of blood flow can follow (3,
101, 102). It has been shown that the absorption of large air emboli
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takes several hours. During this time, there may be primary
ischemic injury with subsequent diffuse brain edema and an
increase in ICP (3, 103).

The BBB may be disrupted because of activation and
adhesion of polymorphonuclear leukocytes in the brain (104).
Generation of immune mediators induced by complement and
coagulation activation by bubbles can provoke resultant
thromboinflammatory coagulopathies (32, 35, 44, 104-109). A
typical result of air embolism is the migration of air into small
arteries with an average diameter range of 30-60 um (2, 52).

Clinical conditions such as hypovolemia or inspiration, which
creates a negative intrathoracic pressure, increase the chances of air
entry during procedures involving the venous circulation. The
gradient between ambient atmospheric pressure and intravascular
CVP is increased by the hemoconcentration of hypovolemia and by
inspiration. For patients who are in an upright position or for those
who are undergoing IR procedures such as placement of hemodialysis
catheters, the CVP is often subatmospheric. These patients are
particularly susceptible to a VAE, which may bypass the right heart
as the bubbles ascend against venous flow into the cerebral circulation
due to their buoyancy (2, 3, 10, 13, 14, 60, 62, 82, 83).

Based on better understanding of the pathophysiologic causes of
air embolism emanating from the seminal experimental work by
Durant et al. in 1947 (15) and subsequently by others, it was
recognized that air emboli commonly cause death through
obstruction of outflow from the right ventricle, which has been
called “air lock shock” (15, 24, 82, 110). The air emboli in the
pulmonary circulation also provoke immediate pulmonary
hypertension resulting in right ventricular dilation and right
ventricular heart failure due to a release of vasoactive substances
such as endothelin-1. The rapid ingress of large volumes of air (>
0.30 cc/kg/min) into the venous circulatory system can overwhelm
the air-filtering capacity of the pulmonary vessels, resulting in a
myriad of cellular changes. The air embolism effects on the
pulmonary vasculature can lead to serious inflammatory changes
in the pulmonary vessels, including direct endothelial damage and
accumulation of platelets, fibrin, neutrophils, and lipid droplets.
Secondary injury resulting from the activation of complement and
the release of mediators and free radicals can lead to capillary
leakage and eventual noncardiogenic pulmonary edema (3, 4, 111).

Alteration in the resistance of the lung vessels and ventilation-
perfusion mismatching can lead to intra-pulmonary right-to-left
shunting and increased alveolar dead space with subsequent arterial
hypoxia and hypercapnia (1, 2, 4, 15, 24). These occur when the
venous air emboli, which are usually filtered in the lung capillaries
and expelled through exhalation, overwhelm the filtering capacity of
the lung and pass through the lung filter to the arterial circulation
(14, 23, 34, 112). Additionally, the presence of a patent foramen
ovale, which is present in 10% to 35% of the general population, can
also cause these venous air emboli to obstruct myocardial structures
(113, 114). The most severe of AAE complications concern
obstruction of cerebral and coronary vessels (75). The anatomic
obstruction also incites inflammatory and hemostatic responses
that initiate platelet activation and thrombus accumulation at the
leading and trailing edges of the air bubbles, further obstructing
blood flow (29, 115).
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3.1 Thromboinflammation: hydrodynamics
of bubble obstruction

Understanding the fluid dynamics of the moving air bubble
confined to a small vessel has shed light on the mechanism of the
protean manifestations of air embolisms and lends insight into
prevention and treatment. At a theoretical level, recent Monte Carlo
simulations of the motion of gas emboli in the cerebral vessels has
allowed for modeling deformable gas bubbles, which includes
realistic stiction effects and analysis of fluid dynamics, including
blood pressure. These simulations show that accumulation of these
blockages are partially dependent on blood pressure, which
supports the past clinical experimental observation that higher
blood pressure can improve the washout of cerebral emboli by
more rapidly forcing bubbles through the vasculature in the
hypotensive patient (116). Important in the explanation for the
differential outcomes of air emboli and blood clot emboli is the
theory proposed by Taylor and Bretherton that a bubble in the
cerebral vasculature becomes deformed and elongated when it flows
in the small microvasculature and that a thin, lubricating film forms
around the bubble (117, 118). Hence, the bubble initially keeps
flowing without making contact with the endothelium and without
adhering to the walls of the vessels due to its slippery, lubricating
layer (39). When the bubble encounters a juncture in the vessel,
resistance to the progression of the bubble known as “Laplace
pressure” further deforms the surface head of the bubble (119).
Yet for vessels with a radius greater than 100 um, the bubble may
continue to progress since the Laplace pressure of the bubble is less
than 1 kPa, which is insufficient to resist the driving pressure of the
bubble (10-15 kPa in small arteries) (29, 120). As the bubble moves
into smaller vessels, the deformed bubble surface results in higher
pressure within the bubble, which produces drag resistance caused
by squeezing of the lubrication film. Yet again, this resistance is not
sufficient to prevent progression of the bubble. To further
understand the so-called “braking process” of the bubble, recent
experiments with microfluidic devices have been employed to
define the flow field around the moving bubble and the
dysregulation of coagulation caused by this flow field.
Microfluidic analyses of air bubbles injected into rabbits have
illustrated the location of platelets and red blood cells in various
vascular positions of the bubble head, tail, and sides as the bubble
forms in the vessel. These experiments have shown further that a
clot initiates at the back of the bubble and results in the cessation of
the bubble in a small vessel. The recirculation at the tail causes
fibrinogen, platelets, red blood cells, and white blood cells to co-
locate at the tail end of the bubble surface, while the forward flow in
front of the bubble moves the cellular components and fibrinogen
away from the bubble (Figure 7A). A clot will form when platelets
become activated and clotting factors and fibrinogen accumulate at
the tail of the bubble (Figure 7B). With gradual expansion of the
bubble, there is a disruption of the protective lubrication film
between the endothelium and the bubble, which has been
demonstrated by an optical interference method. Even though
microfluidic channels lack an endothelial wall, the concept of
“flow recirculation,” which induces thrombus formation that
breaks the bubble in microvasculature, is consistent with in vitro
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(A) As the bubble reaches smaller vessels, it may experience “slug flow" as it deforms to form a Taylor bubble—an elongated bubble that takes up
the circumference of the vessel it occupies. The bubble may intermittently stop blood flow when it stops and starts, leading to an increase in
pressure that causes the bubble to move again. This process continues so that the bubble stops and starts due to the pulsatile driving pressure
behind it. A clot forms at the tail end of the air embolus. Flow recirculation causes fibrinogen, platelets, red blood cells, and white blood cells to
accumulate at the tail end of the bubble surface, while the forward flow in front of the bubble moves the cellular components away from the
bubble. (B) Accumulation of platelets, fibrin, activated white blood cells, and red blood cells around the gas bubble, which with further
progression upstream into smaller microvasculature, can lead to hypoxia, penumbra, and terminal ischemia leading to cytotoxic edema and
necrosis mediated at the endothelial bubble interface by leukocyte activation, which enhances inflammation causing increased blood viscosity
and a reduction in blood flow. Blue endothelial cells represent post-obstructive induced hypoxia. Slug flow can contribute to
thromboinflammation due to the buildup of thrombin and fibrin when the bubble slows down. (C) Heparan sulfates (HSs) of the endothelial
luminal layer have been shown to interact with the air embolism. HS may also interact with the incipient clot at the tail of the embolus as well as
with the fibrin, platelets, red blood cells, and activated neutrophils within the lubricant space between the endothelium and bubble. These HS are
covalently bound and part of proteoglycans termed syndecans. Syndecans confer mechanosensing capabilities to the endothelium. Syndecan 4
(Syn4) transmits the extracellular shear stress exerted on the HS to the intracellular domain to phosphorylate and activate protein kinase C,
which is thought to increase apoptotic signaling through mitochondrial depolarization within the endothelial cell. Inositol triphosphate (IP3)
signaling molecules open Ca®* channels on the endoplasmic reticulum to cause a transient increase in endothelial cytoplasmic calcium. The
increase in cytoplasmic calcium is thought to disrupt adherens junctions, leading to loss of tight junctions between endothelial cells, increased
endothelial permeability, and perivascular edema. Moreover, air emboli have been demonstrated to increase tissue factor levels and complement
component 3 (C3) activation, leading to thromboinflammation (37, 121). (Created with BioRender.com).

10.3389/fimmu.2023.1230049

and in vivo experiments (29). Hence, the hypothesis is that the fluid
dynamics of so-called “slug flow” and the delicate balance between
slug flow and lubrication determine the formation of air emboli in
small vessels, and the concept of the Laplace pressure is less
important than was once thought. Importantly, these recent
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studies have affirmed the earlier suggestion that anticoagulation
and antiplatelet therapies may retard slug flow caused by the
accumulation of fibrin and cellular components at the tail end of
the forming air embolism with improvement in the lubrication layer
between the air embolism and the endothelium. This mechanism
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further distinguishes an air embolism from a blood clot embolism
because of the lubricant- mediated space, which may allow for
continued microperfusion.

Successful treatment of vascular gas embolism with HBOT has
been reported as late as 52 hours after development of neurologic
symptoms, which contrasts with thromboembolic ischemic
cerebrovascular accidents which require thrombolytic intervention
within 4.5 hours of symptom onset (53, 122). Recent animal
modeling of CAE has elucidated the contrasting pathology. The
previously mentioned inhomogeneous distribution of ischemia
associated with CAEs can be contrasted with the more definitive
and localized ischemia associated with embolic blood clots. The
embolic blood clots have been shown using immunofluorescence
studies after ferric chloride injury to result in total occlusion within
10 minutes as opposed to the bubble model of arterial occlusion in
rabbits, which have a much more prolonged period before ischemia
results (123). This may be due to the lubricant space between the
deforming bubble and the endothelium, which allows for residual
flow around the bubble as well as the in situ remodeling of the fibrin
and platelet clots at the tail of the bubble as determined by in vivo
mesenteric arterial emboli in rabbits (29).

In summary, the overall pathophysiologic effect of a gas bubble
within the arterial circulation is an obstruction that is mediated by
thromboinflammatory changes of the complement and hemostatic
systems with resulting vasogenic edema, increased blood viscosity,
leukocyte and platelet activation, and increase in ICP—all of which
contribute to a decrease of CBF as well as disruption of the BBB (99,
104, 124). This effect of bubbles on cerebral circulation and the BBB
leads us to describe the pathophysiological details of the endothelial
changes of air-obstructed vessels that cause a transient and sub-lethal
reduction of blood flow when compared to thrombotic strokes.

3.2 Thromboinflammation: interaction of
the endothelial glycocalyx with bubbles,
red blood cells, platelets, activated
neutrophils, coagulation and complement
activation products, and subsequently, the
release of cytokines

Maintenance of hemostasis and inflammation were initially
thought to be distinct and separate processes involving the
coagulation system including tissue factor (TF), coagulation
factors, platelets, and endothelium and the complement system,
leukocytes, and antibodies. However, the link between coagulation,
complement, and inflammatory cells represents a newly appreciated
crosstalk between hemostatic and complement pathways, referred
to as thromboinflammation (125-130).

While thromboinflammation has been well described in
autoimmune disease, infectious disease, and COVID-19-
associated coagulopathy (131, 132), there is little research into
the thromboinflammatory effects of air emboli in humans. The
exact mechanism by which activation of thromboinflammation
and the effect of complement inhibition, for example, on
thromboinflammation has previously been studied in in vitro
human whole blood and in in vivo animal models (22, 133-
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136). In an in vitro model of air emboli using lepirudin-
anticoagulated human whole blood (32) and in an in vivo
porcine model (35), air emboli activated complement
component 3 (C3) and triggered thromboinflammation.
Inhibition of C3, but not C5, attenuated inflammatory effects of
VAE, although both air emboli and ambient air were found to
activate complement and lead to coagulation (36). It has also been
shown that air bubbles adhere to and interact with endothelial
glycocalyx components such as hyaluronan (HA) and heparan
sulfate (HS). In particular, the HS side chains of syndecan 4 (Syn4)
are attracted to the bubble’s hydrophobic air-liquid interface,
leading to Syn4 being stretched when the bubble moves along.
The stretching of the Syn4 causes the transient receptor potential
vanilloid (TRPV) Ca2+ channels to open and allow Ca2+ to enter
the cell. This interferes with the function of the endothelium,
thereby causing capillary leak (30, 37, 121).

Endothelial cells (ECs) respond to hemodynamic stimuli such
as altered flow and shear stress via electrical and biochemical signals
which provoke physiologic and pathological changes at the cellular
level. This process is called endothelial mechanotransduction. There
has been a discovery of a growing number of highly specific
mechanosensors, each with a different function located on the
endothelial surface. Examples of these mechanosensors are
integrins, stretch-activated channels, platelet endothelial cell
adhesion molecules, membrane lipid bilayer, junctional proteins,
tyrosine kinase receptors, caveolins, primary cilia, and glycocalyx
(30, 40).

Shear stress and altered flow caused by bubbles affect the
endothelium at the level of the glycocalyx, which is composed of
heparan sulfate proteoglycans (HSPGs) such as Synl, Syn4, and
glypican, as well as glycosaminoglycans (GAGs) such as HS and
HA. HS makes up the majority (~50%) of GAGs in the glycocalyx
layer and covalently links to HSPGs (137).

The specialized mechanical receptors activated by shear stress
and alterations in blood flow at the luminal layer have been studied
in several pathological and physiological situations such as in the
development of atherosclerosis. This review limits the analysis of
mechanical sensors to the glycocalyx where HS acts as a prime
mechanosensor attached to the cell by syndecan. HS tethered to
cellular syndecan has been shown to play an important role in the
pathophysiology not only of bubble-related obstruction to blood
flow but embolic clot-related obstruction as well (40, 138-149).

Syndecans have an attachment to the cytoskeleton by virtue of
their cytoplasmic tails. Therefore, syndecans can transmit
mechanical forces to cellular structures (150-153). In addition,
syndecans are linked to G protein receptors and are therefore
capable of sensing luminal shear stress and transmitting this
change of force into the cell (40, 144, 154, 155). Furthermore, the
transmembrane Synl core protein is linked to the cytoskeleton and
can mediate EC remodeling in response to shear stress (156). This
has been demonstrated in the dysregulated response to altered flow
in atherosclerotic plaques (157). It has also been noted that Syn4
tethered to glycocalyx HS is crucial for mechanotransduction (158).
Therefore, the relationship between the tethered HS and Syn4 is
important to understand the crosstalk between the state of luminal
blood flow and shear stress and glycocalyx transformation on the
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cell surface with resultant biochemical and cytoskeletal changes at
the cellular level (Figure 7C) (159-162).

It has been demonstrated that the glycocalyx layer plays an
important role in the regulation of bubble-induced Ca2+ transient
events through the direct digestion of GAG components. The
glycocalyx executes this regulation through deformation forces
which are visibly imposed by the bubble that execute protective
forces over HA in the underlying cell membrane and interfacial
interaction with HS which causes TRPV activation. Thus, HA
functions as a cushion-like barrier between the active air-liquid
interface along with the underlying glycocalyx components as
opposed to functioning as an activating entity (30, 37, 39, 121).
The crosstalk between thrombosis and inflammation, which is
initiated by the bubbles at the endothelial level is mediated by a
complex interaction of hemostatic and inflammatory pathways, in
particular, the complement system (Figure 8). Bubbles activate the
hemostatic pathway initially through platelet activation and the
complement pathway through C3 activation. Air emboli have been
shown to cause the activation of platelets as well as the release of
cytokines, including interleukins (ILs), chemokines, and growth
factors (32), and this is central to the pathophysiology of air emboli
(9,22,30,32,33,37,135, 136). Air emboli also activate complement
via the alternative complement pathway as determined by a
lepirudin-anticoagulated human whole blood model, resulting in
C3 convertase (C3bBbP) formation without simultaneous
formation of C5 convertase (9, 32, 36).

The significant effects of complement activation have been
studied in pig lung tissue and bear a resemblance to the
thromboinflammatory changes in the endothelium found in the
hypercoagulable states of sepsis and strokes. Air-mediated C3
activation is associated with the release of proinflammatory
cytokines and TF. Air activates the coagulation cascade through a
complement-dependent mechanism, as well as a complement-
independent mechanism, which also activates platelets. Selective
C3 inhibition but not selective C5 inhibition reduces the
inflammatory response without a reduction in platelet activation.
A porcine in vivo experiment has demonstrated that air embolism is
associated with thromboinflammation with leukocyte and cytokine
release, hemostasis, and C3a and cytokine deposition in the lungs
(35). Air embolism provokes a thromboinflammatory response that
activates complement C3, leukocytosis, and hemostasis as
demonstrated by rotational thromboelastometry (ROTEM) and
thrombin-antithrombin. These emboli trigger the synthesis and
release of proinflammatory cytokines, IL-1b, IL-6, IL-8, and
complement C3a in lung tissue of pigs exposed to air embolism.
This reaction confirms the clinical observation that the lungs are an
important mediator in the pathophysiologic manifestation of VAE.
Analysis by ROTEM and thrombin-antithrombin confirm a
significant hypercoagulable state with reductions of clotting times,
with increasing clot strength, but without any effect on fibrinolysis
as determined by clot lysis index at 30 and 60 minutes. Importantly,
venous air embolism in pig lung tissue activates C3 without a
corresponding C5 activation and triggers thromboinflammation as
manifested by an increase in IL-1b, IL-6, and IL-8 (Figure 8)
(35, 36).
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The thromboinflammatory consequences of air embolism can
be compared to those associated with transient ischemic attacks
(TTAs) and embolic blood clots. Each can cause hypercoagulopathy
and stagnant blood flow along with endothelial injury. Irregular
blood flow such as low-shear eddies, recirculation of flow, or loss of
shear can cause changes in the shear stress gradient, which can lead
to endothelial damage by affecting mechanosensors in ECs (30). In
CAE, the resilience of the neuron is manifest by the fact that
prolonged symptoms of neurologic impairment can be reversed
after long periods of up to 52 hours prior to the inception of HBOT.
In addition, the transient improvement with subsequent
deterioration followed by recovery bespeaks a similarity of clinical
outcome to TIAs. Research has demonstrated that the glycocalyx
layer is sensitive to ischemia and reperfusion injury and that
markers for endothelial perturbation such as Syn4 and HS
demonstrate improvement of the glycocalyx integrity with
successful reversal of ischemia with air embolism versus the non-
reversal with embolic clots. In TIAs and embolic strokes, there is
increased heparanase activity consistent with the higher levels of
Syn4 and HS. In contrast to CAE, there is a transient elevation of
Syn4 and HS which can be reversed by exogenous surfactant in the
rat model (38, 39, 163-165).

The analogy of reversible ischemia with the protean
manifestations of CAE reflects the pathophysiologic events which
cause endothelial injury in CAE. Unlike ischemic blood clots,
microfluidic in vitro and animal in vivo experiments have
demonstrated a lubricating layer between the bubble and
endothelium which is analogous to the effect of experimental
therapeutic surfactant that has been shown to have an
antithrombin effect (29, 45, 165). Surfactants can prevent
occlusion of the vessels by rendering the air-liquid interface
biologically inert through rapid absorption of the surfactant,
which outcompetes other molecules such as proteins for
interfacial occupancy, reducing thrombin production by up to
70%. The biological response to air embolism is influenced by
biomacromolecular events at the endothelial surface that are linked
to transmembrane signaling mechanisms, which cause intracellular
responses at the atomic level (Ca2+ entry) and at the cellular level
(loss of mitochondrial potential). The result can be the loss of
the ability of the EC regulatory inputs into modulation of
vascular tone as well as the causation of a procoagulation state
due to platelet activation. Thrombin formation is caused by the
thromboinflammatory changes brought about by the adhesion
interactions between the EC surface and the gas-liquid interface
of the bubble. Surfactants can improve all these processes (165).
Due to the varying sizes and deformity of the bubble along with
temporal dispersion caused by HBOT and transmission of the
bubble through arterioles less than 250 um in size, there are
varying levels of obstruction to blood flow that cause varying
perturbations of the glycocalyx layer, which acts as a natural
surfactant (29, 165). Exogenous surfactant in an experimental
mouse model prevents cerebral vascular bubbles from disrupting
the mechanosensing mechanism with protection of the tight
endothelial junction. Surfactant-treated rats subjected to vascular
air embolism had a reduction of syndecan and HS as well as
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Air emboli activate the alternative pathway and trigger a C3-dependent thromboinflammation. In plasma, C3 undergoes spontaneous slow-rate
hydrolysis of the internal thioester to form C3(H,0O). The C3 hydrolysis is accelerated by contact with foreign surfaces, e.g., an air embolus. C3
(H,0) is inactivated to iC3(H,O) by factor | (Fl) in the presence of a cofactor such as factor H (FH). C3(H,O) may bind FB (FB) to form C3(H,O)B.
Catalyzed by factor D (FD), the small Ba fragment is cleaved from C3(H,O)B to form the fluid-phase C3 convertase C3(H,O)Bb. The C3
convertase is stabilized by properdin (FP) binding to form C3b(H,O)BbP. The stabilized C3 convertase cleaves additional C3 molecules to C3b
and C3a or forms the C5 convertase C3bnBbP by binding to one or more C3b fragments deposited on foreign surfaces. The C5 convertase then
cleaves C5 into C5a and C5b. C5b combines with C6, C7, C8, and C9 to form C5b-9, the terminal complement complex (TCC). TCC may
become anchored in cell or bacterial membranes, forming a pore termed the membrane attack complex (MAC), which can cause the lysis of
sensitive cells. Alternatively, the TCC may form a soluble complex (sC5b-9) in plasma. The C3a and C5a anaphylatoxins bind receptors for C3a
and C5a (C3aR and C5aR1 or C5aR2, respectively) on various cells, including monocytes and granulocytes. The activation of anaphylatoxin
receptors on monocytes stimulates de novo synthesis and surface expression of tissue factor (TF), extracellular release of microparticles
expressing TF (MP-TF), and various inflammatory cytokines, including IL-1p, IL-6, and IL-8. TF binds to coagulation factor Vlla (FVlla),
subsequently activating FX to FXa. FXa catalyzes the cleavage of prothrombin to PTF1 + 2 and thrombin. Thrombin then catalyzes the cleavage of
FV to FVa. FVa and FXa combine to form the prothrombinase complex on the surface of activated platelets. The prothrombinase complex
cleaves prothrombin into prothrombin fragment 1 + 2 (PTF1 + 2) and thrombin. Platelets can be activated by several mechanisms, including
thrombin binding to protease-activated receptors (PAR) 1 and 4, and possibly by direct contact with air emboli, whereby B-thromboglobulin
(BTG) and many other mediators are released. Thrombin cleaves fibrinogen to fibrin, which crosslinks and forms a fibrin mesh leading to the
formation of a blood clot. The affinity of antithrombin for thrombin is enhanced by binding heparin to form the heparin-antithrombin complex
(HAT), which binds to and inactivates FXa. Footnote: The asterisk (*) indicated between the two C3 convertases (upper right) indicates that air
emboli-activated C3 is less likely to form an active C5 convertase than is C3 activated by solid substances when C3b is bound to the surface, and
the C5a-C5aR axis thus plays only a minor role in air-induced C3-driven thromboinflammation. Note: only key components relevant to the
model are included in the figure (36). (Used with Permission from Mollnes et al., 2022) (Created with BioRender.com).

mitigation of selective digestion of glycocalyx GAGs, HA, and HS
along with reduced calcium release presumably through direct
competition with the endothelial surface layer (38, 39, 165).

Since air bubbles occlude vessels through binding with ECs and
diminish air flow by interacting with proteins and initiating
thromboinflammation, as mentioned above, attempts to use
surfactants to mitigate the obstructive effect of bubbles have been
studied. The effects of surfactant on platelet aggregation and
thrombin production have shown to have a dose-dependent effect
based on the use of platelet aggregometry and flow cytometry
measurements. In addition, cellular signaling responses have been
affected by various surfactants which demonstrate a reduction on
cell lethality caused by bubble contact when surfactant is added to
an in vitro model. A specific intracellular mechanism by which the
bubble interacts with cell surface proteins has shown an increased
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calcium influx caused by the bubbles which is mediated by cell
surface stretch-activated channel and TRPV. This stretch-activated
channel, resulting from the mechanical coupling of the bubble
and cell, activates an intracellular pathway resulting in a transient
intracellular calcium influx from stored calcium in the endoplasmic
reticallum which is eliminated by the stretch- activated channel
inhibitor, gadolinium, or by TRPV inhibitor ruthenium. In
addition, the exposure of this cell to cytochalasin- D, an inhibitor
of actin polymerization, also inhibited bubble contact-induced
calcium release. Therefore, mechanosensing and stretch-activated
channels are necessary for coupling of the extracellular signal of the
bubbles surface and cell membrane to the calcium response. This
harmful calcium response can be prevented not only by surfactant
but also by inhibitors of stretch- activated channels, store-operated
calcium channels, and TRPV (38, 43-45, 47-49, 80).
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The significance of increased intracellular calcium on
endothelial dysfunction caused by bubbles in the clinical setting
has been studied and confirmed in rats exposed to DCS. Since
bubble formation and endothelial injury have been demonstrated in
a DCS rat model and because in vitro contact with air bubbles with
ECs leads to an increase in cellular calcium and cell damage, it has
been proposed that calcium dysregulation contributes to DCI and
that a store operated calcium channel blocker would protect the
endothelium of rats exposed to DCI. Blockade of store operated
calcium channels has been shown to improve DCS in rats by
mitigating the effects induced by endothelial activation of
platelets, oxidative stress, leukocyte adhesion, and inflammation
which lead to endothelial damage and eventual apoptosis. Rats
subjected to DCI demonstrated that the gas bubble injuries induced
the rapid release of proinflammatory cytokines. The air bubbles
induce alveolar macrophages to release many mediators of
inflammation such as IL-6, tumor necrosis factor (TNF), a
homologue of human IL-8 called cytokine-induced neutrophil
chemoattractant-1 (CINC-1), with increased expression of
intercellular adhesion molecule-1 (ICAM-1) (12, 38, 49, 80,
166-173).

In addition, disruption of thromboinflammation by air
embolism, as measured by quantification of the cytokine gradient
which maintains Starling forces and also measured by markers for
thrombosis such as microparticle-associated TF is mediated by C3a
complement but not by C5 (32, 35). This is yet another example of a
difference between the air embolism with its delayed evolution and
response to HBOT and embolic blood clots.

In summary, embolic blood clots provoke severe glycocalyx
degradation caused by an increased number of proinflammatory
cytokines, complement activation as well as a perturbation of the
glycocalyx layer as demonstrated by elevation of HS and Syn4 levels.
The result is a degradation of the endothelial tight junction with
capillary leak as well as mechanical cell death. These severe
thromboinflammatory responses are much more extensive than
those that occur in vascular air embolism where microvascular flow
is maintained by the thin layer of lubricant between the
microbubble and the endothelial surface, with less accumulation
of fibrin and cellular components such as platelets at the tail of the
bubble. Because of these qualitative and quantitative differences in
the thromboinflammation in the interaction between the bubble
and endothelium, patients with air embolism manifest a significant
difference in clinical course than those with thromboembolic blood
clots. This difference is mediated by the pathologic finding of a
space between air emboli and the endothelium, which causes much
less disruption of the bubble and glycocalyx layer. This reduced
disruption in the glycocalyx layer is reflected by the prolonged
period during which HBOT may be effective following cerebral
entry of air and incipient injury, as well as the need for frequent
retreatments with HBOT in order to eliminate the cerebral
circulation of remnant air emboli. The mediation of the
thromboinflammation at the junction of the air embolus and the
endothelium may be inhibited by C3a inhibitors and is associated
with less elevation of HS and syndecan levels, as well as qualitative
differences in cytokine release when compared to embolic blood
clots (30, 32, 33, 36, 39, 121, 124, 165).
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4 Therapy

4.1 100% oxygen and hyperbaric
oxygen therapy

Treatment of intravascular air embolism, whether venous or
arterial, includes breathing 100% oxygen thereby creating a sharp
concentration gradient between blood and alveoli, thus accelerating
nitrogen washout from the blood through the pulmonary filter. Yet,
as has been shown, air emboli can obstruct the flow of blood in
capillary structures; therefore, it may be insufficient to eliminate
nitrogen bubbles from the air via exhaled air. In these cases, HBOT
in conjunction with 100% oxygen reduces bubble size, which
increases blood flow (20).

HBOT begins with the patient breathing 100% O, and
concurrent placement in a hyperbaric chamber. This takes
advantage of Boyle’s Law whereby the surface area and volume of
the gas bubble are inversely proportional to pressure. Increasing
pressure increases the solubility of the gas in the liquid. Thus,
exposing the patient to increasing pressure causes the gas bubble to
shrink. With this method, arterial pressures of O, can be achieved at
greater than 2,000 mmHg. This creates a significant diffusion
gradient for O, into the bubble and N, out of the bubble.
Nitrogen solubility in plasma is also increased under hyperbaric
conditions, driving nitrogen into solution for transport to the lungs
and off-gassing (2, 174, 175). In addition, this hyperbaric-mediated
hyperoxia permits a great amount of O, to be dissolved in tissues (2,
176). HBOT provides additional benefits related to inflammation by
reducing adherence of leukocytes to injured endothelium,
preventing cerebral edema with the reduction of the permeability
of microvasculature, and improving the BBB (177-179). Due to the
beneficial nature of HBOT, an AAE-symptomatic patient should
begin HBOT as soon as cardiopulmonary stabilization has been
achieved (52, 174, 180, 181). Although most beneficial if initiated
early (180), delayed HBOT may still provide significant clinical
benefit (53, 58, 103). Based on the hyperbaric literature, significant
improvement is still possible even with delays in HBOT initiation
greater than 48 hours, and therefore, HBOT should not be denied to
a patient who does not arrive within a few hours of the ischemic
event. It is with this in mind that HBOT is considered the first-line
clinical treatment of choice for AAE (52, 103, 174, 180, 181).

Of significant interest is the well-known phenomenon of
transient improvement at maximum atmospheric pressure
followed by partial relapse of symptoms once the patient is
returned to ambient pressure, which has been described in the
DCI and iatrogenic air embolism literature (50, 58, 59).

4.2 Enhancing circulating blood volume
and increasing arterial pressure

It is important to achieve euvolemia to reduce large pressure
gradients from the pulmonary and systemic circulations, thus
theoretically decreasing likelihood of VAE conversion to AAE. A
correlation between the degree of hemoconcentration and post-
treatment residual symptoms has been demonstrated (182-185). It
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has been shown that patients who have low CVP with the attendant
negative pressure gradient between the vein at the entrance of air
and the right atrium have an increased risk for VAE. For patients
who have CVP monitoring, the ideal CVP should be between 10
and 15 cm of water (4). Animal studies have demonstrated that even
a moderate reduction to hematocrit 30% reduces neurologic
damage (186). Avoiding glucose-containing solutions is important
because it has been shown that even small quantities of glucose may
be associated with enhanced lactate production and intracellular
acidosis with impaired outcomes (187-190). Dextran solutions are
no longer recommended because the theoretical improvements
of microcirculation in the anti-sledging effects of dextran
observed experimentally have not translated into clinical benefit
(190-192). It has been hypothesized that increasing mean arterial
pressure (MAP) with the occurrence of an air embolism during
cardiopulmonary bypass surgery would increase collateral flow to
the affected penumbra and thus decrease the infarct volume and
possibly facilitate embolic clearance (3, 193). In a study, rats
underwent cardiopulmonary bypass with induced CAEs at three
categorized MAPs: high, standard, and low. Improved functional
neurological outcomes were seen in rats with a higher induced MAP
using whole blood and phenylephrine, but there was no statistical
difference in infarct volume. The inconsistency between improved
neurological function and infarct volume is thought to be due to air
embolism’s ability to induce thromboinflammation. Increasing
MAP may help ameliorate the effects of thromboinflammation
with embolic clearance (193).

4.3 Mechanical removal of air with risk
stratification of diagnosis and treatment

Mechanical removal of air requires anticipation and preparation
in the operating theater, intensive care unit, or IR unit whenever
there is the possibility of the entrance of large quantities of air
into the venous circulation. At the appearance of symptoms,
withdrawal of air should be attempted if a catheter is in place to
prevent the migration of bubbles. Examples of those situations
include the development of an unexplained sudden reduction
of intraoperative end-tidal carbon dioxide (ETCO,) or the
development hypotension particularly in cases which are

10.3389/fimmu.2023.1230049

performed in reverse Trendelenburg or in those cases where
venous vasculature is exposed to atmospheric pressure. Of
particular importance is the development of dyspnea or
hypotension in patients who have recently had central venous
lines placed or removed. Anticipation of the need to remove air is
a function of the likelihood of the risk of an air or gas embolism
during procedures. If the procedure is performed in a fluoroscopic
suite, the diagnosis may be established radiographically, with air
seen in the pulmonary outflow tract and pulmonary arteries. Table 1
provides an approximation of the relative risk of the development of
air or gas embolism as a function of the type of surgery or procedure
(4). This table is emphasized because the immediate diagnosis of air
embolism is essential to determine the need for rapid mechanical
removal of air, and placement of the patient with Durant’s
maneuver depends on an understanding of the relative risks of
developing VAE and AAE for each operation. Those procedures,
which are done in the sitting position, are most likely to cause VAEs
and will require immediate treatment with mechanical removal of
air and assumption of Durant’s maneuver (4, 62, 68-70).

When possible, placing the patients in a Trendelenburg position
should be a priority to increase the CVP and therefore to reduce the
pressure gradient. In addition, during the placement of venous
catheters it is important, if possible, to ensure that these patients are
adequately hydrated to increase the CVP. The avoidance of forced
inspiration and the consequent negative intrathoracic pressure is
essential when placing central venous catheters. The reduced risk of
air embolism is enhanced by avoiding a short subcutaneous path to
the jugular vein. In the absence of guide wires, there should be
careful attention to occlusion of the hub with the thumb as well as
adherence to flushing all central line catheters completely before
placement. Practitioners should have in-depth understanding of the
valve mechanisms and the types of catheters they insert with
particular attention to the so-called “peel away” sheath,
intravenous port, self- sealing valves, and Luer lock connectors
(4). When placing hemodialysis catheters through a “peel away”
sheath, it is essential to be sure both lumens of the catheters are
clamped before introducing the catheter. During the removal of
catheters, it is important that the catheter site remain at the level of
the heart with the assumption of a Trendelenburg position, and if
possible, the patient should be instructed to perform a Valsalva
maneuver (4, 194).

TABLE 1 Risk assessment for iatrogenic venous air embolism in procedures from high-risk to low-risk operations (4, 13, 82).

High-Risk
Sitting position craniotomy
Posterior fossa/neck surgery

Laparoscopic procedures
Total hip arthroplasty
Cesarean delivery
Central venous access placement or removal

Craniosynostosis repair

Medium-Risk
Spinal fusion
Cervical laminectomy
Prostatectomy
Gastrointestinal endoscopy

Contrast radiography

Low-Risk
Peripheral Nerve Procedures
Anterior Neck Operations
Burr hole neurosurgery
Vaginal procedures

Hepatic surgery

Blood infusion

Cardiac surgery/cardiopulmonary bypass,

extracorporeal membrane oxygenation
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Precordial and transesophageal echocardiography during
the intraoperative period allows for early detection of air in the
heart. With the recognition of cardiac air, particularly with
associated hypotension, shock, and cardiac arrest, immediate
evacuation through a central line is advocated. Similar
attention to this complication is important when placing or
removing hemodialysis catheters, central venous catheters,
or other intravascular devices. Placing the patients in the
Trendelenburg position when possible is important, particularly
in cases where the patient is sitting. Immediate initiation of 100%
oxygen will both optimize tissue oxygenation and provide a
gradient for more efficient off-gassing of nitrogen (4, 68).

High success rates for air aspiration have been demonstrated
with multi-lumen Swan-Ganz catheters or specific devices with
large diameter such as > 5 French catheters. If mechanical
aspirations are attempted, it has been suggested the catheter be
positioned 2 cm distal to the superior vena cava from the atrial
junction. The volume of air withdrawn has been suggested to be
between 15 and 20 cc. However, because of the “frothing” noted by
Durant with the use of Durant’s maneuver, a mixture of air and
blood will be withdrawn until the signs and symptoms improve.
Therefore, the quantity of air and blood withdrawn is a clinical
decision (4, 195-201).

5 Additional potential treatments for
air embolism

5.1 Use of anti-inflammatory agents against
the effects of air embolism

It has been well established and previously mentioned that
pulmonary air embolisms can induce alveolar macrophages to
release inflammatory factors such as IL-6, TNF, and CINC-1.
These factors contribute to acute lung injury induced by air
embolisms. This has led to the idea of using anti-inflammatory
drugs as a potential treatment vector. In one study, rats pre-treated
with baicalin showed attenuation of TNF, CINC-1, and significantly
improved histological appearance. Free radicals, proinflammatory
cytokines, and nuclear factor kappa B were significantly suppressed
(166). However, the role of anti-inflammatory drugs in treatment of
patients with air embolism is not fully elucidated, and routine use is
not generally recommended.

5.2 Use of surfactant to mitigate
bubble-induced occlusion via
thromboinflammation

In section 4.2, we described the in vitro and in vivo data
demonstrating the effects of surfactant in treatment of bubble-
induced vascular obstruction. Prompted by the problem of air
embolism associated with the use of bubble pump oxygenators in
the early days of open left heart surgery, there was interest in the use
of surface tension-reducing substances, also known as surfactants, to
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reduce the incidence of air embolism in these cases (202).
Subsequently, it was noted that simultaneous injection of surfactant
and air into coronary arteries was able to reduce lethality by
approximately 50%. This has led to a search for biocompatible
surfactants, which could be used in the operative theater (203).
Considerable interest remains in this area since the incidence of
postoperative central nervous system pathology has been attributed
to the effect of microbubbles on the cerebral vasculature for patients
undergoing extracorporeal membrane oxygenation (ECMO) or
cardiopulmonary bypass (37, 165, 176, 204). Perfluorocarbons
(PECs) have been used as an experimental substitute for blood, in
intraocular injection, to treat DCS and avoid iatrogenic CAE in both
human and animal experiments and most recently, thoracic
endovascular aortic repair (TEVAR) (205-209). Recent studies
regarding the surfactant perflubron in patients following cardiac
and orthopedic surgery have revealed conflicting data, and
therefore, its use remains experimental in humans (210).

5.3 Anticoagulation, antiplatelet, and
anticomplement therapy

Earlier studies have demonstrated benefits of anticoagulation
and antiplatelet therapy in animal models, but few clinical
reports exist in the literature. Yet it is logical to think that
antiplatelet therapy would represent a safer option, which may be
the object of future studies in humans (211). Previous studies
with pharmacologic intervention against bubble-induced platelet
aggregation in a rat model of DCI have demonstrated that specific
ADP receptor antagonists reduced post-decompression platelet
consumption. However, anti-arachidonic acid treatment, which
inhibits the thromboxane A2 pathway, does not reduce post-
decompression platelet consumption. These findings confirm
earlier demonstration of the relative importance of ADP
dysfunction of platelets associated with the endothelial injury of
trauma-induced coagulopathy (115, 212).

A deeper understanding of the relationship of thrombosis in
inflammation at the level of the injured cerebral endothelium may
compel clinicians to begin trials of adjunctive anticoagulant and
antiplatelet therapies in patients with air bubble-related injury. As
has been seen with the use of heparin in treating patients with
thromboemboli associated with COVID-19 pneumonia, many areas
along the thromboinflammatory pathway are affected by heparin.
Current evidence suggests that heparin is ineffective in the
treatment of air embolism unless it is administered immediately.
Due to the intracranial bleeding risk associated with heparin,
preventive anticoagulation would not be advocated for CAE
unless it was already required for carotid or cardiac surgery.
However, given the mechanisms of thromboinflammation that
cause endothelial and cell injury following CAE, inhibition of the
thromboinflammatory pathways could be a therapeutic benefit. For
example, selective thrombin inhibition (213, 214), inhibition of
leukocyte adherence and action (215, 216), or blockade of C3 have
been proposed as possible therapeutic modalities (32), and future
research should examine the role of these agents in the treatment of
air embolism.
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Thromboinflammatory mechanisms may partially mediate
neurological injury caused by CAE, which suggests inhibition of
thromboinflammatory pathways as a possible treatment.
Additionally, while C3 inhibition via compstatin was important
for delineating this unique pathophysiological mechanism in vitro,
a C5 inhibitor was largely ineffective, highlighting C3 as a possible
target for treatment (32, 33, 35, 36).

5.4 Reduction of bubble-induced
hypercoagulability with membrane
stabilizing anesthetics

Preclinical studies have demonstrated that medications such as
lidocaine, ketamine, and magnesium sulfate may inhibit platelets as
well as hypercoagulability. It has been noted in relation to patients
with DCI who have CAE that lidocaine is of benefit to these patients
possibly by its action on membrane stability (115, 217-221). Recent
thromboelastographic (TEG) studies in rats have demonstrated that
the hypercoagulable changes induced by bubbles in a rat model can
be mitigated using mexiletine, which is a class I-b local anesthetic
and lidocaine analog. Because this medication can be taken orally it
has been proposed that it would have increased clinical use in the
setting of CAE. In rats subjected to experimental VAEs, there was a
significant reduction of TEG reaction time (R) and kinetics (K)
parameters with a concomitant increase in the alpha-angle and
maximal amplitude parameters all indicating a hypercoagulable
state. In mexiletine treated animals, there was a prevention of the
maximal amplitude increase caused by VAE and a corresponding
correction of the R and K times at 24 hours. Therefore, it was
proposed that the hypercoagulable state associated with VAEs
could be mitigated using this oral lidocaine analog. This
thromboelastographic analysis confirms that the presence of an
air bubble interface can activate primary hemostasis by augmenting
the adhesion and aggregation of platelets as well as secondary
hemostasis by increasing the activity of coagulation of the
intrinsic and extrinsic coagulation factors at the site of endothelial
injury (43, 115, 133, 222-224). However, lidocaine may have
cardiotoxic side effects and is not routinely administered to
patients with air embolism (225).

5.5 Endothelial targeting
protection therapy

Endothelial protection agents such as simvastatin may be of
benefit in treating DCS. Since endothelial dysfunction has been
described in DCS and correlated with experimental bubble
formation in a rat model it has been proposed that an endothelial
protected agent able to reduce vascular permeability, venous
congestion, free radical production, and increase vascular
elasticity and tension may be a benefit in offering endothelial
protection. In an experimental model, escin, an endothelial
protective extract from the Aesculus hippocastanum plant, was
able to improve the thrombocytopenia and endothelial dysfunction
as well as the oxidative and inflammatory responses of swine
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exposed to simulated diving. Specifically, escin significantly
reduced thrombocytopenia as well as reducing the levels of
cytokines IL-1b and IL-6. Finally, escin was able to reduce the
bubble induced increase of serum ICAM-1, endothelin-1, and
methane dicarboxylic aldehyde as tested by ELISA (226).
However, simvastatin is not routinely recommended for the
patients with air embolism.

5.6 Massive venous air embolism: closed-
chest cardiac massage as a therapeutic
maneuver and aggressive repeat manual
pulmonary recruitment maneuver with
pure oxygen in the operating theatre

For those patients presenting with massive VAE that results in
cardiac standstill, cardiopulmonary resuscitation with chest
compressions and defibrillation if there is ventricular fibrillation
present must be initiated immediately (227). Even in those
situations without the need of cardiopulmonary resuscitation, for
patients in shock, there is a rationale behind the closed-chest
massage of the heart, which forces air out of the pulmonary
outflow tract into the smaller pulmonary vessels. Animal studies
have suggested that external cardiac massage is as effective as the
mechanical aspiration of air or the LLD position in preventing
death caused by a rapid dose of 15 cc/kg of air in dogs. This study
confirmed the importance of “frothing” as noted by Durant;
however, the “frothing” of the blood in the right axis of the heart
is accomplished by external cardiac massage. This has led to recent
reports of the use of repeat manual pulmonary recruitment
maneuver combined with pure oxygen to improve hemodynamics
of a patient who had suffered a large iatrogenic and intraoperative
VAE who did not respond to standard therapy (81, 110).

Based on a clinical case, a novel approach for patients on
mechanical ventilation who develop VAE has been recently
described as aggressive repeat manual pulmonary recruitment
maneuver with pure oxygen, which is a new ventilation strategy
designed to ameliorate respiratory mechanics, thereby increasing
pulmonary oxygen exchange and arterial oxygenation. In addition,
this technique has been proposed to cause right ventricular
contraction with the resultant reduction in size of the air
embolism thereby facilitating movement of the obstructing air
bubble from the pulmonary outflow tract. This treatment has
been proposed for those patients who suffer iatrogenic,
intraoperative VAE who do not respond to standard treatment
(Figure 9). Large lung volumes with aggressive pulmonary
recruitment maneuvers compress the compliant right heart,
forcing the air embolism into smaller bubbles more amenable to
traversing the pulmonary outflow tract into the smaller pulmonary
vessels. Secondly, the release of the lung before lung hyperinflation
benefits venous return. With subsequent hyperinflation, increased
blood flow out of the right ventricle facilitates movement of air out
of the right ventricular outflow tract. Currently, animal studies have
been proposed with possible clinical trials to follow (110).

Finally, for those patients who do not respond to aspiration of
air, placement in Durant’s maneuver, or external cardiac massage, it
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The changes in a patient’s vital signs during operation after treatment. (A) Patient’s vital signs when venous air embolism was considered;

(B) Patient's vital signs after Durant’'s maneuver, sealing the operative field with saline, using pure oxygen, fluid resuscitation, and hemodynamics
support. (C) Patient’s vital signs after an aggressive manual pulmonary recruitment maneuver was repeated for five minutes. (D) Patient’s vital signs
after an aggressive pulmonary recruitment maneuver repeated for 10 minutes. ECG, Electrocardiograph; HR, heart rate; ABP, arterial blood pressure;
SPO,, oxygen saturation; PerCO,, end-tidal carbon dioxide partial pressure; PaO,, arterial oxygen pressure; PaCO,, arterial carbon dioxide pressure

(110). (Used with Permission from Zheng et al., 2022).

has been recommended that thoracotomy with open cardiac
massage may reduce the size of the bubbles so that they may
transverse into pulmonary circulation and be filtered (228).

However, as noted by Durant and confirmed by others in a
porcine model of VAE, thoracotomy with pericardiotomy
facilitated the transpulmonary passage of intravenously infused
air and greatly reduced the threshold for when air reached the
systemic circulation through the lungs, potentially causing end-
organ ischemia and death (15, 34).

6 Prevention and early diagnosis of
vascular air embolism: clinical
vigilance and the use of multi-
monitoring technologies

In the operating theater, preventive measures such as avoiding
surgical field above heart level, adequate hydration, avoidance of
nitrous oxide, and scrupulous placement and removal of catheters
should be taken. For those clinical situations where it is not possible
to have the patient in a Trendelenburg position for the duration of a
procedure, it has been recommended that the legs be raised by
placing a pillow under the knees to increase venous return and
therefore right atrial pressure during insertion of guide wire or
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catheter. For surgical positioning, the head up position places the
patient at greater risk for CAE, but the air embolism may even occur
during shoulder surgeries and other surgical procedures in
proximity to the head and neck (4, 13, 229, 230). For central
venous catheter placement, preventing air embolism occurs by
clearing the central line of air prior to insertion, the use of the
head down position and Valsalva maneuver during insertion and
removal, the use of screw-on connections secured with tape, and the
avoidance of hemostats that can crack the hub causing an open
system, the use of air-occlusive dressing during central venous
catheter use and after removal (231). Until recently, checklists for
the prevention of air embolism have not existed, and it has been
proposed that an air embolism be listed as a “never event” by the
National Quality Forum, which raises consciousness about the
preventability of iatrogenic air embolism (14, 232).

Monitoring for acute changes in vital signs such as blood
pressure, respiratory/cardiac rate and rhythm, electrocardiogram
waves, oxygen saturation, and ETCO, are important for early
detection. Doppler ultrasound has been shown to be a sensitive
monitoring system for air embolism with detection of as little as
0.25 cc of air. It should be mentioned that the high sensitivity
associated with the transesophageal echocardiography can produce
“false alarms” with the unnecessary intervention due to its detection
of nearly any amount of air in circulation, which is controversial
(4, 229).
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Of importance, end-tidal nitrogen (ETN,) has been shown to be
the most sensitive gas for detecting air embolism. Comparing
ETCO, with ETN,, it was found that monitoring N, showed
changes 30-90 seconds earlier than CO, monitoring for air
embolisms. ETN2 is limited in availability and not useful when
nitrous oxide in oxygen is used in anesthesia (4).

The use of air detectors in rapid fluid infusion systems and
extracorporeal circuits such as those seen in ECMO, dialysis, and
plasmapheresis machines are integral to detection. Recent
application of the liquid surfactant PFC as a flushing agent with
CO, to reduce the amount of gas released during stent-graft
deployment in TEVAR has demonstrated a significant reduction
in the volume of gas released during deployment of the tubular
thoracic stent-graft based on the high solubility of the CO, in PFC.
PFC as a surfactant provides a reduced surface tension and
diminishes the sticking of air in small compartments. This factor
may cause the reduced amount of air released during stent-graft
deployment when compared to a saline solution (205, 207). Recent
research combining artificial intelligence with Doppler ultrasound
recordings for vascular air embolism detection and grading suggests
promise for combining traditional and emerging technologies for
improved diagnostic and bedside care in the area of air embolism (4,
233). Antiquated yet of paramount importance, simple caution
and alertness may allow surgeons and anesthesiologists to see or
hear air being aspirated into circulation during the case while
simultaneously reviewing the multi- technological monitoring
devices for confirmation of the presence of a vascular air
embolism (4).

7 Conclusions

Tatrogenic vascular air embolism is a relatively infrequent event
but is associated with significant morbidity and mortality. These
emboli can arise in many surgical settings. However, more recently,
endoscopy, hemodialysis, thoracentesis, tissue biopsy, angiography,
and central and peripheral venous access and removal have
overtaken surgery and trauma as significant causes of vascular air
embolism. The foundation for understanding the pathophysiology
of air embolism lies in an appreciation of the crosstalk between
thrombosis and inflammation, where complement seems to play a

References

1. Storm BS. Venous Air Embolism and Complement-driven Thrombo
inflammation. In vitro human whole blood studies and in vivo porcine studies on
the effect of air emboli on the complement system, cytokine network, and the
hemostasis. (2022). Available at: https://hdlLhandle.net/10037/25922.

2. Muth CM, Shank ES. Gas embolism. N Engl ] Med (2000) 342(7):476-82.
doi: 10.1056/NEJM200002173420706

3. van Hulst RA, Klein J, Lachmann B. Gas embolism: pathophysiology and
treatment. Clin Physiol Funct Imag (2003) 23(5):237-46. doi: 10.1046/j.1475-
097X.2003.00505.x

4. Mirski MA, Lele AV, Fitzsimmons L, Toung TJ. Diagnosis and treatment of
vascular air embolism. Anesthesiology (2007) 106(1):164-77. doi: 10.1097/00000542-
200701000-00026

Frontiers in Immunology

10.3389/fimmu.2023.1230049

significant role, within the lumen of the blood vessel and between
the bubble itself and the endothelium.

Author contributions

Conceptualization: PM, EM, HM, CMB, JM, HK, BS, and MW;
Original Draft Preparation: PM, CMB, EM, HM, HK, JM, BS, SC,
MA-F, SJT, SA, and MW; Writing—Review and Editing: PM, EM,
HM, CMB, MA, SC, MA-F, SJT, JL, CWB, CM, MP, CT, DR, GK,
BT, DY, SGT, DS, SSP, SA, AT, JM, SVP, DZ, BW, DR, PLM, CS,
JA, RG, RM, HK, DF, SL, TM, EN, BS, and MW; Visualization: PM,
CMB, SC, MA-F, SJT, SA, TM, EN, BS, and MW; Supervision: MW.
All authors contributed to the article and approved the
submitted version.

Acknowledgments

The authors would like to acknowledge Matthew R. Walsh,
Ph.D. for his consultation and contribution, and Hassaan A. Khan
B.S. for rewriting, revision analysis, formatting, and editing.

Conflict of interest

EM and HM have received research grants from Haemonetics
Corporation outside the submitted work.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

5. Senn NII An experimental and clinical study of air-embolism. Ann Surg (1885) 1
(6):517-49. doi: 10.1097/00000658-188501000-00002

6. Van Allen C, Hrdina L, Clark J. Air embolism from the pulmonary vein: a clinical
and experimental study. Arch Surg (1929) 19(4):567-99. doi: 10.1001/
archsurg.1929.01150040003001

7. Rukstinat G. Experimental air embolism of the coronary arteries. JAMA: ] Am
Med Assoc (1931) 96(1):26-8. doi: 10.1001/jama.1931.02720270028007

8. Brubakk AO, Neuman TS. Bennett and Elliotts’ Physiology and Medicine of
Diving. 5 ed. Philadelphia, PA, US: Saunders (2002).

9. Nilsson Ekdahl K, Nilsson B, Pekna M, Nilsson UR. Generation of iC3 at the
interface between blood and gas. Scand J Immunol (1992) 35(1):85-91. doi: 10.1111/
j.1365-3083.1992.tb02837.x

frontiersin.org


https://hdl.handle.net/10037/25922
https://doi.org/10.1056/NEJM200002173420706
https://doi.org/10.1046/j.1475-097X.2003.00505.x
https://doi.org/10.1046/j.1475-097X.2003.00505.x
https://doi.org/10.1097/00000542-200701000-00026
https://doi.org/10.1097/00000542-200701000-00026
https://doi.org/10.1097/00000658-188501000-00002
https://doi.org/10.1001/archsurg.1929.01150040003001
https://doi.org/10.1001/archsurg.1929.01150040003001
https://doi.org/10.1001/jama.1931.02720270028007
https://doi.org/10.1111/j.1365-3083.1992.tb02837.x
https://doi.org/10.1111/j.1365-3083.1992.tb02837.x
https://doi.org/10.3389/fimmu.2023.1230049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marsh et al.

10. Carneiro AC, Diaz P, Vieira M, Silva M, Silva I, Custodio M, et al. Cerebral
venous air embolism: A rare phenomenon. Eur J Case Rep Intern Med (2019) 6(1):1011.
doi: 10.12890/2019_001011

11. Fromer IR, Horvath B, Prielipp RC, Kloesel B. Vascular air emboli during the
perioperative period. Curr Anesthesiol Rep (2020) 10(4):436-48. doi: 10.1007/s40140-
020-00407-4

12. Mitchell SJ, Bennett MH, Moon RE. Decompression sickness and arterial gas
embolism. N Engl ] Med (2022) 386(13):1254-64. doi: 10.1056/NEJMra2116554

13. McCarthy CJ, Behravesh S, Naidu SG, Oklu R. Air embolism: practical tips for
prevention and treatment. ] Clin Med (2016) 5(11):93. doi: 10.3390/jcm5110093

14. McCarthy CJ, Behravesh S, Naidu SG, Oklu R. Air embolism: diagnosis, clinical
management and outcomes. Diagnost (Basel) (2017) 7(1):5. doi: 10.3390/
diagnostics7010005

15. Durant TM, Long J, Oppenheimer MJ. Pulmonary (venous) air embolism. Am
Heart J (1947) 33(3):269-81. doi: 10.1016/0002-8703(47)90656-X

16. Durant TM, Oppenheimer MJ, Webster MS, Long J. Arterial air embolism. Am
Heart ] (1949) 38(4):481-500. doi: 10.1016/0002-8703(49)90001-0

17. Fries CC, Levowitz B, Adler S, Cook AW, Karlson KE, Dennis C. Experimental
cerebral gas embolism. Ann Surg (1957) 145(4):461-70. doi: 10.1097/00000658-
195704000-00002

18. Martland HS. Air embolism: fatal air embolism due to powder insufflators used
in gynecological treatments. Am J Surg (1945) 68(2):164-9. doi: 10.1016/0002-9610(45)
90100-0

19. Oppenheimer MJ, Durant TM, Lynch P. Body position in relation to venous air
embolism and the associated cardiovascular-respiratory changes. Am J Med Sci (1953)
225(4):362-73. doi: 10.1097/00000441-195304000-00003

20. Murphy BP, Harford FJ, Cramer FS. Cerebral air embolism resulting from
invasive medical procedures. Treatment with hyperbaric oxygen. Ann Surg (1985) 201
(2):242-5. doi: 10.1097/00000658-198502000-00019

21. Bergh K, Hjelde A, Iversen OJ, Brubakk AO. Variability over time of
complement activation induced by air bubbles in human and rabbit sera. J Appl
Physiol (1985) 1993) 74(4):1811-5. doi: 10.1152/jappl.1993.74.4.1811

22. Huang KL, Lin YC. Activation of complement and neutrophils increases vascular
permeability during air embolism. Aviat Space Environ Med (1997) 68(4):300-5.

23. Vik A, Brubakk AO, Hennessy TR, Jenssen BM, Ekker M, Slordahl SA. Venous
air embolism in swine: transport of gas bubbles through the pulmonary circulation.
J Appl Physiol (1985) 1990) 69(1):237-44. doi: 10.1152/jappl.1990.69.1.237

24. Vik A, Jenssen BM, Brubakk AO. Comparison of haemodynamic effects during
venous air infusion and after decompression in pigs. Eur ] Appl Physiol Occup Physiol
(1994) 68(2):127-33. doi: 10.1007/BF00244025

25. Pinho J, Amorim JM, Araujo JM, Vilaca H, Ribeiro M, Pereira J, et al. Cerebral
gas embolism associated with central venous catheter: Systematic review. J Neurol Sci
(2016) 362:160-4. doi: 10.1016/j.jns.2016.01.043

26. Vesely TM. Air embolism during insertion of central venous catheters. ] Vasc
Interv Radiol (2001) 12(11):1291-5. doi: 10.1016/S1051-0443(07)61554-1

27. Freund MC, Petersen ], Goder KC, Bunse T, Wiedermann F, Glodny B. Systemic
air embolism during percutaneous core needle biopsy of the lung: frequency and risk
factors. BMC Pulm Med (2012) 12:2. doi: 10.1186/1471-2466-12-2

28. Bessereau J, Genotelle N, Chabbaut C, Huon A, Tabah A, Aboab J, et al. Long-
term outcome of iatrogenic gas embolism. Intensive Care Med (2010) 36(7):1180-7.
doi: 10.1007/s00134-010-1821-9

29. LiZ,LiG,LiY, ChenY, Li], Chen H. Flow field around bubbles on formation of
air embolism in small vessels. Proc Natl Acad Sci U.S.A. (2021) 118(26):e2025406118.
doi: 10.1073/pnas.2025406118

30. Chatterjee S. Endothelial mechanotransduction, redox signaling and the
regulation of vascular inflammatory pathways. Front Physiol (2018) 9:524.
doi: 10.3389/fphys.2018.00524

31. Mukundakrishnan K, Ayyaswamy PS, Eckmann DM. Finite-sized gas bubble
motion in a blood vessel: non-Newtonian effects. Phys Rev E Stat Nonlin Soft Matter
Phys (2008) 78(3 Pt 2):36303. doi: 10.1103/PhysRevE.78.036303

32. Storm BS, Christiansen D, Fure H, Ludviksen JK, Lau C, Lambris JD, et al. Air
bubbles activate complement and trigger hemostasis and C3-Dependent cytokine
release ex vivo in human whole blood. ] Immunol (2021) 207(11):2828-40.
doi: 10.4049/jimmunol.2100308

33. Storm BS, Christiansen D, Mollnes TE, Nielsen EW. Avoiding ambientairintest
tubes during inCubations of human whole-blood minimizes complement background
activation. J Immunol Methods (2020) 487:112876. doi: 10.1016/j.jim.2020.112876

34. Storm BS, Halvorsen PS, Skulstad H, Dybwik K, Schjalm C, Christiansen D, et al.
Open chest and pericardium facilitate transpulmonary passage of venous air emboli.
Acta Anaesthesiol Scand (2021) 65(5):648-55. doi: 10.1111/aas.13796

35. Storm BS, Ludviksen JK, Christiansen D, Fure H, Pettersen K, Landsem A, et al.
Venous air embolism activates complement C3 without corresponding C5 activation
and trigger thromboinflammation in pigs. Front Immunol (2022) 13:839632.
doi: 10.3389/fimmu.2022.839632

36. Mollnes TE, Storm BS, Brekke OL, Nilsson PH, Lambris JD. Application of the
C3 inhibitor compstatin in a human whole blood model designed for complement

Frontiers in Immunology

21

10.3389/fimmu.2023.1230049

research - 20 years of experience and future perspectives. Semin Immunol (2022)
59:101604. doi: 10.1016/j.smim.2022.101604

37. Eckmann DM, Zhang ], Ayyaswamy PS. Hydrodynamics and interfacial
surfactant transport in vascular gas embolism. J Heat Trans (2021) 143(10):100802.
doi: 10.1115/1.4050923

38. Kobayashi S, Crooks SD, Eckmann DM. In vitro surfactant mitigation of gas
bubble contact-induced endothelial cell death. Undersea Hyperb Med (2011) 38(1):27-
39.

39. Klinger AL, Pichette B, Sobolewski P, Eckmann DM. Mechanotransductional
basis of endothelial cell response to intravascular bubbles. Integr Biol (Camb). (2011) 3
(10):1033-42. doi: 10.1039/c1ib00017a

40. Ando J, Yamamoto K. Flow detection and calcium signalling in vascular
endothelial cells. Cardiovasc Res (2013) 99(2):260-8. doi: 10.1093/cvr/cvt084

41. Bento D, Sousa L, Yaginuma T, Garcia V, Lima R, MIranda JM. Microbubble
moving in blood flow in microchannels: effect on the cell-free layer and cell local
concentration. BioMed Microdevices (2017) 19(1):6. doi: 10.1007/s10544-016-
0138-z

42. Walsh C, Ovenden N, Stride E, Cheema U. Quantification of cell-bubble
interactions in a 3D engineered tissue phantom. Sci Rep (2017) 7(1):6331.
doi: 10.1038/s41598-017-06678-y

43. Philp RB, Inwood MJ, Warren BA. Interactions between gas bubbles and
components of the blood: implications in decompression sickness. Aerosp Med
(1972) 43(9):946-53.

44. Warren BA, Philp RB, Inwood M]J. The ultrastructural morphology of air
embolism: platelet adhesion to the interface and endothelial damage. Br J Exp Pathol
(1973) 54(2):163-72.

45. Eckmann DM, Diamond SL. Surfactants attenuate gas embolism-induced
thrombin production. Anesthesiology (2004) 100(1):77-84. doi: 10.1097/00000542-
200401000-00015

46. Eckmann DM, Armstead SC, Mardini F. Surfactants reduce platelet-bubble and
platelet-platelet binding induced by in vitro air embolism. Anesthesiology (2005) 103
(6):1204-10. doi: 10.1097/00000542-200512000-00015

47. Eckmann DM, Eckmann YY, Tomczyk N. Dose response of surfactants to
attenuate gas embolism related platelet aggregation. Heat Mass Trans (2014) 50:323-
31. doi: 10.1007/s00231-013-1273-1

48. Sobolewski P, Kandel J, Eckmann DM. Air bubble contact with endothelial cells
causes a calcium-independent loss in mitochondrial membrane potential. PloS One
(2012) 7(10):e47254. doi: 10.1371/journal.pone.0047254

49. Sobolewski P, Kandel J, Klinger AL, Eckmann DM. Air bubble contact with
endothelial cells in vitro induces calcium influx and IP3-dependent release of calcium
stores. Am ] Physiol Cell Physiol (2011) 301(3):C679-86. doi: 10.1152/
ajpcell.00046.2011

50. Goldman S, Solano-AltamIrano JM, Ledez KM. Bubbles in the body: The not so
good, the bad, and the ugly. Gas Bubble Dynam Hum Body (2018), 1-48. doi: 10.1016/
B978-0-12-810519-1.00001-4

51. U.S. Navy Diving Manual Rev. 7. Washington D.C: U.S. Government Printing
Office (2016).

52. Dutka AJ. A review of the pathophysiology and potential application of
experimental therapies for cerebral ischemia to the treatment of cerebral arterial gas
embolism. Undersea BioMed Res (1985) 12(4):403-21.

53. Wherrett CG, Mehran RJ, Beaulieu MA. Cerebral arterial gas embolism
following diagnostic bronchoscopy: delayed treatment with hyperbaric oxygen. Can J
Anaesth (2002) 49(1):96-9. doi: 10.1007/BF03020427

54. Hossmann KA. Experimental models for the investigation of brain ischemia.
Cardiovasc Res (1998) 39(1):106-20. doi: 10.1016/S0008-6363(98)00075-3

55. Williams DJ, Doolette DJ, Upton RN. Increased cerebral blood flow and cardiac
output following cerebral arterial air embolism in sheep. Clin Exp Pharmacol Physiol
(2001) 28(11):868-72. doi: 10.1046/j.1440-1681.2001.03540.x

56. Fritz H, Hossmann KA. Arterial air embolism in the cat brain. Stroke (1979) 10
(5):581-9. doi: 10.1161/01.STR.10.5.581

57. Hossmann KA, Fritz H. Coupling of function, metabolism, and blood flow after
air embolism of the cat brain. Adv Neurol (1978) 20:255-62.

58. Beevor H, Frawley G. Iatrogenic cerebral gas embolism: analysis of the
presentation, management and outcomes of patients referred to The Alfred Hospital
Hyperbaric Unit. Diving Hyperb Med (2016) 46(1):15-21.

59. Tempel R, Severance HW. Proposing short-term observation units for the
management of decompression illness. Undersea Hyperb Med (2006) 33(2):89-94.

60. Schlimp CJ, Bothma PA, Brodbeck AE. Cerebral venous air embolism: what is it
and do we know how to deal with it properly? JAMA Neurol (2014) 71(2):243.
doi: 10.1001/jamaneurol.2013.5414

61. Schlimp CJ, Loimer T, Rieger M, Lederer W, Schmidts MB. The potential of
venous air embolism ascending retrograde to the brain. J Forensic Sci (2005) 50(4):
JES2005061-4. doi: 10.1520/JFS2005061

62. Wong SS, Kwaan HC, Ing TS. Venous air embolism related to the use of central
catheters revisited: with emphasis on dialysis catheters. Clin Kidney J (2017) 10(6):797—
803. doi: 10.1093/ckj/sfx064

frontiersin.org


https://doi.org/10.12890/2019_001011
https://doi.org/10.1007/s40140-020-00407-4
https://doi.org/10.1007/s40140-020-00407-4
https://doi.org/10.1056/NEJMra2116554
https://doi.org/10.3390/jcm5110093
https://doi.org/10.3390/diagnostics7010005
https://doi.org/10.3390/diagnostics7010005
https://doi.org/10.1016/0002-8703(47)90656-X
https://doi.org/10.1016/0002-8703(49)90001-0
https://doi.org/10.1097/00000658-195704000-00002
https://doi.org/10.1097/00000658-195704000-00002
https://doi.org/10.1016/0002-9610(45)90100-0
https://doi.org/10.1016/0002-9610(45)90100-0
https://doi.org/10.1097/00000441-195304000-00003
https://doi.org/10.1097/00000658-198502000-00019
https://doi.org/10.1152/jappl.1993.74.4.1811
https://doi.org/10.1152/jappl.1990.69.1.237
https://doi.org/10.1007/BF00244025
https://doi.org/10.1016/j.jns.2016.01.043
https://doi.org/10.1016/S1051-0443(07)61554-1
https://doi.org/10.1186/1471-2466-12-2
https://doi.org/10.1007/s00134-010-1821-9
https://doi.org/10.1073/pnas.2025406118
https://doi.org/10.3389/fphys.2018.00524
https://doi.org/10.1103/PhysRevE.78.036303
https://doi.org/10.4049/jimmunol.2100308
https://doi.org/10.1016/j.jim.2020.112876
https://doi.org/10.1111/aas.13796
https://doi.org/10.3389/fimmu.2022.839632
https://doi.org/10.1016/j.smim.2022.101604
https://doi.org/10.1115/1.4050923
https://doi.org/10.1039/c1ib00017a
https://doi.org/10.1093/cvr/cvt084
https://doi.org/10.1007/s10544-016-0138-z
https://doi.org/10.1007/s10544-016-0138-z
https://doi.org/10.1038/s41598-017-06678-y
https://doi.org/10.1097/00000542-200401000-00015
https://doi.org/10.1097/00000542-200401000-00015
https://doi.org/10.1097/00000542-200512000-00015
https://doi.org/10.1007/s00231-013-1273-1
https://doi.org/10.1371/journal.pone.0047254
https://doi.org/10.1152/ajpcell.00046.2011
https://doi.org/10.1152/ajpcell.00046.2011
https://doi.org/10.1016/B978-0-12-810519-1.00001-4
https://doi.org/10.1016/B978-0-12-810519-1.00001-4
https://doi.org/10.1007/BF03020427
https://doi.org/10.1016/S0008-6363(98)00075-3
https://doi.org/10.1046/j.1440-1681.2001.03540.x
https://doi.org/10.1161/01.STR.10.5.581
https://doi.org/10.1001/jamaneurol.2013.5414
https://doi.org/10.1520/JFS2005061
https://doi.org/10.1093/ckj/sfx064
https://doi.org/10.3389/fimmu.2023.1230049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marsh et al.

63. Neuman TS. Arterial gas embolism and decompression sickness. News Physiol
Sci (2002) 17:77-81. doi: 10.1152/nips.01370.2001

64. Papadopoulou V, Tang MX, Balestra C, Eckersley RJ, Karapantsios TD.
Circulatory bubble dynamics: from physical to biological aspects. Adv Colloid
Interface Sci (2014) 206:239-49. doi: 10.1016/j.cis.2014.01.017

65. Butler BD, Hills BA. The lung as a filter for microbubbles. ] Appl Physiol Respir
Environ Exerc Physiol (1979) 47(3):537-43. doi: 10.1152/jappl.1979.47.3.537

66. Spencer MP, Oyama Y. Pulmonary capacity for dissipation of venous gas emboli.
Aerosp Med (1971) 42(8):822-7.

67. Hung SC, Hsu HC, Chang SC. Cerebral air embolism complicating bilevel
positive airway pressure therapy. Eur Respir J (1998) 12(1):235-7. doi: 10.1183/
09031936.98.12010235

68. Shaikh N, Ummunisa F. Acute management of vascular air embolism. J Emerg
Trauma Shock (2009) 2(3):180-5. doi: 10.4103/0974-2700.55330

69. Davare DL, Chaudry Z, Sanchez R, Lee SK, Kiffin C, Rosenthal AA, et al. A
unique case of venous air embolus with survival. J Surg Case Rep (2016) 2016(9):rjw153.
doi: 10.1093/jscr/rjw153

70. McGee DC, Gould MK. Preventing complications of central venous
catheterization. N Engl ] Med (2003) 348(12):1123-33. doi: 10.1056/NEJMra011883

71. Palmon SC, Moore LE, Lundberg J, Toung T. Venous air embolism: a review.
] Clin Anesth (1997) 9(3):251-7. doi: 10.1016/S0952-8180(97)00024-X

72. Wong AY, Irwin MG. Large venous air embolism in the sitting position despite
monitoring with transoesophageal echocardiography. Anaesthesia (2005) 60(8):811-3.
doi: 10.1111/j.1365-2044.2005.04237.x

73. King MB, Harmon KR. Unusual forms of pulmonary embolism. Clin Chest Med
(1994) 15(3):561-80. doi: 10.1016/50272-5231(21)00949-7

74. Hartveit F, Lystad H, Minken A. The pathology of venous air embolism. Br ] Exp
Pathol (1968) 49(1):81-6.

75. Brull §J, Prielipp RC. Vascular air embolism: A silent hazard to patient safety.
J Crit Care (2017) 42:255-63. doi: 10.1016/j.jcrc.2017.08.010

76. Lam KK, Hutchinson RC, Gin T. Severe pulmonary oedema after venous air
embolism. Can | Anaesth (1993) 40(10):964-7. doi: 10.1007/BF03010100

77. Clark MC, Flick MR. Permeability pulmonary edema caused by venous air
embolism. Am Rev Respir Dis (1984) 129(4):633-5.

78. Butler BD, Hills BA. Transpulmonary passage of venous air emboli. ] Appl
Physiol (1985) 1985) 59(2):543-7. doi: 10.1152/jappl.1985.59.2.543

79. Lachmann B, Eijking EP, So KL, Gommers D. In vivo evaluation of the inhibitory
capacity of human plasma on exogenous surfactant function. Intensive Care Med
(1994) 20(1):6-11. doi: 10.1007/BF02425047

80. Tang SE, Liao WI, Wu SY, Pao HP, Huang KL, Chu SJ. The blockade of store-
operated calcium channels improves decompression sickness in rats. Front Physiol
(2019) 10:1616. doi: 10.3389/fphys.2019.01616

81. Alvaran SB, Toung JK, Graff TE, Benson DW. Venous air embolism:
comparative merits of external cardiac massage, intracardiac aspiration, and left
lateral decubitus position. Anesth Analg (1978) 57(2):166-70. doi: 10.1213/00000539-
197803000-00003

82. Chang J, Casal R. Anesthetic management of gas embolism during rigid
bronchoscopy with argon plasma coagulation: A case report. AANA ] (2022) 90
(4):293-5.

83. Fracasso T, Karger B, Schmidt PF, Reinbold WD, Pfeiffer H. Retrograde venous
cerebral air embolism from disconnected central venous catheter: an experimental
model. ] Forensic Sci (2011) 56 Suppl 1:5101-4. doi: 10.1111/j.1556-4029.2010.01572.x

84. Black M, Calvin J, Chan KL, Walley VM. Paradoxic air embolism in the absence
of an intracardiac defect. Chest (1991) 99(3):754-5. doi: 10.1378/chest.99.3.754

85. Van Blankenstein JH, Slager CJ, Schuurbiers JC, Strikwerda S, Verdouw PD.
Heart function after injection of small air bubbles in coronary artery of pigs. ] Appl
Physiol (1985) 1993) 75(3):1201-7. doi: 10.1152/jappl.1993.75.3.1201

86. van Blankenstein JH, Slager CJ, Soei LK, Boersma H, Verdouw PD. Effect of
arterial blood pressure and ventilation gases on cardiac depression induced by coronary
air embolism. J Appl Physiol (1985) 1994) 77(4):1896-902.

87. Stegmann T, Daniel W, Bellmann L, Trenkler G, Oelert H, Borst HG.
Experimental coronary air embolism. Assessment of time course of myocardial
ischemia and the protective effect of cardiopulmonary bypass. Thorac Cardiovasc
Surg (1980) 28(2):141-9. doi: 10.1055/s-2007-1022065

88. Mitchell SJ. DCS or DCI? The difference and why it matters. Diving Hyperb Med
(2019) 49(3):152-3. doi: 10.28920/dhm49.3.152-153

89. Henry W. Experiments on the quantity of gases absorbed by water, at different
temperatures, and under different pressures. Phil Trans R Soc (1803) 93):29-274.
doi: 10.1098/rst1.1803.0004

90. Vann RD, Butler FK, Mitchell SJ, Moon RE. Decompression illness. Lancet
(2011) 377(9760):153-64. doi: 10.1016/S0140-6736(10)61085-9

91. Chuang DY, Sundararajan S, Sundararajan VA, Feldman DI, Xiong W.
Accidental air embolism: an uncommon cause of iatrogenic stroke. Stroke (2019) 50
(7):€183-€6. doi: 10.1161/STROKEAHA.119.025340

92. Sakai I, Nishizawa S. Cerebral air embolism after lung contusion. Case
Illustration ] Neurosurg (2001) 95(5):909. doi: 10.3171/jns.2001.95.5.0909

Frontiers in Immunology

10.3389/fimmu.2023.1230049

93. Ho AM, Lee S, Tay BA, Chung DC. Lung isolation for the prevention of air
embolism in penetrating lung trauma. A Case Rep Can ] Anaesth (2000) 47(12):1256-8.
doi: 10.1007/BF03019878

94. Marini JJ, Culver BH. Systemic gas embolism complicating mechanical
ventilation in the adult respiratory distress syndrome. Ann Intern Med (1989) 110
(9):699-703. doi: 10.7326/0003-4819-110-9-699

95. Gursoy S, Duger C, Kaygusuz K, Ozdemir Kol I, Gurelik B, Mimaroglu C.
Cerebral arterial air embolism associated with mechanical ventilation and deep tracheal
aspiration. Case Rep Pulmonol (2012) 2012:416360. doi: 10.1155/2012/416360

96. Pol B, Watelle TJ. Mémoire sur les effets de la compression de l'air appliqué au
creusement des puits & houille. Ann. D’Hygiene Publique Et De Medicine Legale.
(1854).

97. Kent EM, Blades B. Experimental observations upon certain intracranial
complications of particular interest to the thoracic surgeon. J Thorac Surg (1942) 11
(4):434-45. doi: 10.1016/S0096-5588(20)31993-0

98. Geissler HJ, Allen SJ, Mehlhorn U, Davis KL, Morris WP, Butler BD. Effect of
body repositioning after venous air embolism. echo cardio graphic study Anesthesiol
(1997) 86(3):710-7. doi: 10.1097/00000542-199703000-00024

99. Johansson BB. Cerebral air embolism and the blood-brain barrier in the rat. Acta
Neurol Scand (1980) 62(4):201-9. doi: 10.1111/j.1600-0404.1980.tb03027.x

100. Gorman DF, Browning DM. Cerebral vasoreactivity and arterial gas embolism.
Undersea BioMed Res (1986) 13(3):317-35.

101. Meldrum BS, Papy JJ, Vigouroux RA. Intracarotid air embolism in the baboon:
effects on cerebral blood flow and the electroencephalogram. Brain Res (1971) 25
(2):301-15. doi: 10.1016/0006-8993(71)90440-9

102. Helps SC, Parsons DW, Reilly PL, Gorman DF. The effect of gas emboli on
rabbit cerebral blood flow. Stroke (1990) 21(1):94-9. doi: 10.1161/01.STR.21.1.94

103. Dexter F, Hindman BJ. Recommendations for hyperbaric oxygen therapy of
cerebral air embolism based on a mathematical model of bubble absorption. Anesth
Analg (1997) 84(6):1203-7. doi: 10.1213/00000539-199706000-00006

104. Mitchell S, Gorman D. The pathophysiology of cerebral arterial gas embolism.
] Extra-Corporeal Technol (2002) 34(1):18-23. doi: 10.1051/ject/200234118

105. Hindman BJ, Dexter F, Subieta A, Smith T, Cutkomp J. Brain injury after
cerebral arterial air embolism in the rabbit as determined by triphenyltetrazolium
staining. Anesthesiology (1999) 90(5):1462-73. doi: 10.1097/00000542-199905000-
00032

106. Dutka AJ, Hallenbeck JM, Kochanek P. A brief episode of severe arterial
hypertension induces delayed deterioration of brain function and worsens blood flow
after transient multifocal cerebral ischemia. Stroke (1987) 18(2):386-95. doi: 10.1161/
01.STR.18.2.386

107. Helps SC, Gorman DF. Air embolism of the brain in rabbits pretreated with
mechlorethamine. Stroke (1991) 22(3):351-4. doi: 10.1161/01.STR.22.3.351

108. Ward CA, McCullough D, Yee D, Stanga D, Fraser WD. Complement
activation involvement in decompression sickness of rabbits. Undersea BioMed Res
(1990) 17(1):51-66.

109. Pekna M, Nilsson L, Nilsson-Ekdahl K, Nilsson UR, Nilsson B. Evidence for iC3
generation during cardiopulmonary bypass as the result of blood-gas interaction. Clin
Exp Immunol (1993) 91(3):404-9. doi: 10.1111/j.1365-2249.1993.tb05916.x

110. Zheng J-Q, Du L, Zhang L, Du B. Aggressive repeat manual pulmonary
recruitment maneuver with pure oxygen as a new treatment of venous air embolism.
Med Hypotheses (2022) 162:110802. doi: 10.1016/j.mehy.2022.110802

111. Moon RE. Hyperbaric treatment of air or gas embolism: current
recommendations. Undersea Hyperb Med (2019) 46(5):673-83. doi: 10.22462/
10.12.2019.13

112. Rademaker BM, Groenman FA, van der Wouw PA, Bakkum EA. Paradoxical
gas embolism by transpulmonary passage of venous emboli during hysteroscopic
surgery: a case report and discussion. Br ] Anaesth (2008) 101(2):230-3. doi: 10.1093/
bja/aen138

113. Homma S, Messe SR, Rundek T, Sun YP, Franke J, Davidson K, et al. Patent
foramen ovale. Nat Rev Dis Primers (2016) 2:15086. doi: 10.1038/nrdp.2015.86

114. Fisher DC, Fisher EA, Budd JH, Rosen SE, Goldman ME. The incidence of
patent foramen ovale in 1,000 consecutive patients. A contrast transesophageal
echocardiography study. Chest (1995) 107(6):1504-9. doi: 10.1378/chest.107.6.1504

115. Pontier JM, Vallee N, Ignatescu M, Bourdon L. Pharmacological intervention
against bubble-induced platelet aggregation in a rat model of decompression sickness.
J Appl Physiol (1985) 2011) 110(3):724-9. doi: 10.1152/japplphysiol.00230.2010

116. Hague JP, Banahan C, Chung EM. Modelling of impaired cerebral blood flow
due to gaseous emboli. Phys Med Biol (2013) 58(13):4381-94. doi: 10.1088/0031-9155/
58/13/4381

117. Taylor GI. Deposition of a viscous fluid on the wall of a tube. J Fluid Mech
(2006) 10(02):161-5. doi: 10.1017/S0022112061000159

118. Bretherton FP. The motion of long bubbles in tubes. J Fluid Mech (2006) 10
(02):166-88. doi: 10.1017/50022112061000160122

119. Bull JL. Cardiovascular bubble dynamics. Crit Rev BioMed Eng (2005) 33
(4):299-346. doi: 10.1615/CritRevBiomedEng.v33.i4.10

120. Hall JE. Guyton and Hall Textbook of Medical Physiology. Philadelphia, PA, US:
Elsevier Health Sciences (2015).

frontiersin.org


https://doi.org/10.1152/nips.01370.2001
https://doi.org/10.1016/j.cis.2014.01.017
https://doi.org/10.1152/jappl.1979.47.3.537
https://doi.org/10.1183/09031936.98.12010235
https://doi.org/10.1183/09031936.98.12010235
https://doi.org/10.4103/0974-2700.55330
https://doi.org/10.1093/jscr/rjw153
https://doi.org/10.1056/NEJMra011883
https://doi.org/10.1016/S0952-8180(97)00024-X
https://doi.org/10.1111/j.1365-2044.2005.04237.x
https://doi.org/10.1016/S0272-5231(21)00949-7
https://doi.org/10.1016/j.jcrc.2017.08.010
https://doi.org/10.1007/BF03010100
https://doi.org/10.1152/jappl.1985.59.2.543
https://doi.org/10.1007/BF02425047
https://doi.org/10.3389/fphys.2019.01616
https://doi.org/10.1213/00000539-197803000-00003
https://doi.org/10.1213/00000539-197803000-00003
https://doi.org/10.1111/j.1556-4029.2010.01572.x
https://doi.org/10.1378/chest.99.3.754
https://doi.org/10.1152/jappl.1993.75.3.1201
https://doi.org/10.1055/s-2007-1022065
https://doi.org/10.28920/dhm49.3.152-153
https://doi.org/10.1098/rstl.1803.0004
https://doi.org/10.1016/S0140-6736(10)61085-9
https://doi.org/10.1161/STROKEAHA.119.025340
https://doi.org/10.3171/jns.2001.95.5.0909
https://doi.org/10.1007/BF03019878
https://doi.org/10.7326/0003-4819-110-9-699
https://doi.org/10.1155/2012/416360
https://doi.org/10.1016/S0096-5588(20)31993-0
https://doi.org/10.1097/00000542-199703000-00024
https://doi.org/10.1111/j.1600-0404.1980.tb03027.x
https://doi.org/10.1016/0006-8993(71)90440-9
https://doi.org/10.1161/01.STR.21.1.94
https://doi.org/10.1213/00000539-199706000-00006
https://doi.org/10.1051/ject/200234118
https://doi.org/10.1097/00000542-199905000-00032
https://doi.org/10.1097/00000542-199905000-00032
https://doi.org/10.1161/01.STR.18.2.386
https://doi.org/10.1161/01.STR.18.2.386
https://doi.org/10.1161/01.STR.22.3.351
https://doi.org/10.1111/j.1365-2249.1993.tb05916.x
https://doi.org/10.1016/j.mehy.2022.110802
https://doi.org/10.22462/10.12.2019.13
https://doi.org/10.22462/10.12.2019.13
https://doi.org/10.1093/bja/aen138
https://doi.org/10.1093/bja/aen138
https://doi.org/10.1038/nrdp.2015.86
https://doi.org/10.1378/chest.107.6.1504
https://doi.org/10.1152/japplphysiol.00230.2010
https://doi.org/10.1088/0031-9155/58/13/4381
https://doi.org/10.1088/0031-9155/58/13/4381
https://doi.org/10.1017/S0022112061000159
https://doi.org/10.1017/S0022112061000160122
https://doi.org/10.1615/CritRevBiomedEng.v33.i4.10
https://doi.org/10.3389/fimmu.2023.1230049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marsh et al.

121. Klinger AL, Kandel J, Pichette B, Eckmann DM. Pefluorocarbon inhibition of
bubble induced Ca2+ transients in an in vitro model of vascular gas embolism. Exp Biol
Med (Maywood) (2014) 239(1):116-22. doi: 10.1177/1535370213506434

122. Davis SM, Donnan GA. 4.5 hours : the new time window for tissue plasminogen
activator in stroke. Stroke (2009) 40(6):2266-7. doi: 10.1161/STROKEAHA.108.544171

123. Karatas H, Erdener SE, Gursoy-Ozdemir Y, Gurer G, Soylemezoglu F, Dunn
AK, et al. Thrombotic distal middle cerebral artery occlusion produced by topical FeCl
(3) application: a novel model suitable for intravital microscopy and thrombolysis
studies. ] Cereb Blood Flow Metab (2011) 31(6):1452-60. doi: 10.1038/jcbfm.2011.8

124. Helps SC. Pathophysiological basis of cerebral arterial air embolism /Stephen C.
Helps. (1994). Available at: https:///digital library.adelaide.edu.au/dspace/bitstream/
2440/21483/2/02whole.pdf.

125. Foley JH, Conway EM. Cross talk pathways between coagulation and
inflammation. Circ Res (2016) 118(9):1392-408. doi: 10.1161/CIRCRESAHA

126. Markiewski MM, Nilsson B, Ekdahl KN, Mollnes TE, Lambris JD. Complement
and coagulation: strangers or partners in crime? Trends Immunol (2007) 28(4):184-92.
doi: 10.1016/4.it.2007.02.006

127. Mezger M, Nording H, Sauter R, Graf T, Heim C, von Bubnoff N, et al. Platelets
and immune responses during thromboinflammation. Front Immunol (2019) 10:1731.
doi: 10.3389/fimmu.2019.01731

128. Eriksson O, Mohlin C, Nilsson B, Ekdahl KN. The human platelet as an innate
immune cell: interactions between activated platelets and the complement system.
Front Immunol (2019) 10:1590. doi: 10.3389/fimmu.2019.01590

129. Hamad OA, Back ], Nilsson PH, Nilsson B, Ekdahl KN. Platelets, complement,
and contact activation: partners in inflammation and thrombosis. Adv Exp Med Biol
(2012) 946:185-205. doi: 10.1007/978-1-4614-0106-3_11

130. Jackson SP, Darbousset R, Schoenwaelder SM. Thromboinflammation:
challenges of therapeutically targeting coagulation and other host defense
mechanisms. Blood (2019) 133(9):906-18. doi: 10.1182/blood-2018-11-882993

131. Dzik S. Complement and coagulation: cross talk through time. Transfus Med
Rev (2019) 33(4):199-206. doi: 10.1016/j.tmrv.2019.08.004

132. Walsh MM, Khan R, Kwaan HC, Neal MD. Fibrinolysis shutdown in COVID-
19-associated coagulopathy: A crosstalk among immunity, coagulation, and specialists
in medicine and surgery. ] Am Coll Surg (2021) 232(6):1003-6. doi: 10.1016/
j.jamcollsurg.2021.03.003

133. Thorsen T, Klausen H, Lie RT, Holmsen H. Bubble-induced aggregation of
platelets: effects of gas species, proteins, and decompression. Undersea Hyperb Med
(1993) 20(2):101-19.

134. Peng CK, Huang KL, Wu CP, Wu YK, Tzeng IS, Lan CC. Phosphodiesterase-4
inhibitor roflumilast attenuates pulmonary air emboli-induced lung injury. J Surg Res
(2019) 241:24-30. doi: 10.1016/j.js5.2019.03.028

135. Magri K, Eftedal I, Petroni Magri V, Matity L, Azzopardi CP, Muscat S, et al.
Acute effects on the human peripheral blood transcriptome of decompression sickness
secondary to scuba diving. Front Physiol (2021) 12:660402. doi: 10.3389/
fphys.2021.660402

136. Thorsen T, Brubakk A, Ovstedal T, Farstad M, Holmsen H. A method for
production of N, microbubbles in platelet-rich plasma in an aggregometer-like apparatus,
and effect on the platelet density in vitro. Undersea BioMed Res (1986) 13(3):271-88.

137. Reitsma S, Slaaf DW, Vink H, van Zandvoort MA, oude Egbrink MG. The
endothelial glycocalyx: composition, functions, and visualization. Pflugers Arch (2007)
454(3):345-59. doi: 10.1007/s00424-007-0212-8

138. Gulino-Debrac D. Mechanotransduction at the basis of endothelial barrier
function. Tissue Barriers (2013) 1(2):e24180. doi: 10.4161/tisb.24180

139. Zhou J, Li YS, Chien S. Shear stress-initiated signaling and its regulation of
endothelial function. Arteriosc Thromb Vasc Biol (2014) 34(10):2191-8. doi: 10.1161/
ATVBAHA.114.303422

140. Jufri NF, Mohamedali A, Avolio A, Baker MS. Mechanical stretch: physiological
and pathological implications for human vascular endothelial cells. Vasc Cell (2015)
7:8. doi: 10.1186/s13221-015-0033-z

141. Hierck BP, van der Heiden K, Alkemade FE, Van de Pas S, Van Thienen JV,
Groenendijk BC, et al. Primary cilia sensitize endothelial cells for fluid shear stress. Dev
Dyn (2008) 237(3):725-35. doi: 10.1002/dvdy.21472

142. Dogne S, Flamion B, Caron N. Endothelial glycocalyx as a shield against
diabetic vascular complications: involvement of hyaluronan and hyaluronidases.
Arteriosc Thromb Vasc Biol (2018) 38(7):1427-39. doi: 10.1161/
ATVBAHA.118.310839

143. Peng Z, Shu B, Zhang Y, Wang M. Endothelial response to pathophysiological
stress. Arteriosc Thromb Vasc Biol (2019) 39(11):e233-e43. doi: 10.1161/ATVBAHA.
119.312580

144. Ando J, Yamamoto K. Vascular mechanobiology: endothelial cell responses to
fluid shear stress. Circ J (2009) 73(11):1983-92. doi: 10.1253/circj.CJ-09-0583

145. Cruz-Chu ER, Malafeev A, Pajarskas T, Pivkin IV, Koumoutsakos P. Structure
and response to flow of the glycocalyx layer. Biophys J (2014) 106(1):232-43.
doi: 10.1016/j.bpj.2013.09.060

146. Jiang XZ, Feng M, Luo KH, Ventikos Y. Large-scale molecular dynamics
simulation of flow under complex structure of endothelial glycocalyx. Comput Fluids
(2018) 173:140-6. doi: 10.1016/j.compfluid.2018.03.014

Frontiers in Immunology

10.3389/fimmu.2023.1230049

147. Jiang XZ, Feng M, Ventikos Y, Luo KH. Regimes of flow over complex
structures of endothelial glycocalyx: A molecular dynamics simulation study. Sci Rep
(2018) 8(1):5732. doi: 10.1038/541598-018-24041-7

148. Jiang XZ, Gong H, Luo KH, Ventikos Y. Large-scale molecular dynamics simulation
of coupled dynamics of flow and glycocalyx: towards understanding atomic events on an
endothelial cell surface. J R Soc Interf (2017) 14(137):20170780. doi: 10.1098/rsif.2017.0780

149. Jiang XZ, Ventikos Y. Molecular dynamics simulation: A new way to
understand the functionality of the endothelial glycocalyx. Curr Opin Struct Biol
(2022) 73:102330. doi: 10.1016/j.sb1.2022.102330

150. Carey DJ. Syndecans: multifunctional cell-surface co-receptors. Biochem ]
(1997) 327(Pt 1):1-16. doi: 10.1042/bj3270001

151. Fu BM, Tarbell JM. Mechano-sensing and transduction by endothelial surface
glycocalyx: composition, structure, and function. Wiley Interdiscip Rev Syst Biol Med
(2013) 5(3):381-90. doi: 10.1002/wsbm.1211

152. Rapraeger AC. Syndecan-regulated receptor signaling. J Cell Biol (2000) 149
(5):995-8. doi: 10.1083/jcb.149.5.995

153. Zimmermann P, David G. The syndecans, tuners of transmembrane signaling.
FASEB ] (1999) 13 Suppl:S91-5100. doi: 10.1096/fasebj.13.9001.s91

154. Davies PF, Mundel T, Barbee KA. A mechanism for heterogeneous endothelial
responses to flow in vivo and in vitro. ] Biomech (1995) 28(12):1553-60. doi: 10.1016/
0021-9290(95)00102-6

155. Pries AR, Secomb TW, Gaehtgens P. The endothelial surface layer. Pflugers
Arch (2000) 440(5):653-66. doi: 10.1007/s004240000307

156. Ebong EE, Lopez-Quintero SV, Rizzo V, Spray DC, Tarbell JM. Shear-induced
endothelial NOS activation and remodeling via heparan sulfate, glypican-1, and
syndecan-1. Integr Biol (Camb). (2014) 6(3):338-47. doi: 10.1039/C3IB40199E

157. Voyvodic PL, Min D, Liu R, Williams E, Chitalia V, Dunn AK, et al. Loss of
syndecan-1 induces a pro-inflammatory phenotype in endothelial cells with a
dysregulated response to atheroprotective flow. J Biol Chem (2014) 289(14):9547-59.
doi: 10.1074/jbc.M113.541573

158. Baeyens N, Mulligan-Kehoe MJ, Corti F, Simon DD, Ross TD, Rhodes JM, et al.
Syndecan 4 is required for endothelial alignment in flow and atheroprotective signaling.
Proc Natl Acad Sci U.S.A. (2014) 111(48):17308-13. doi: 10.1073/pnas.1413725111

159. Bai K, Wang W. Shear stress-induced redistribution of the glycocalyx on
endothelial cells in vitro. Biomech Model Mechanobiol (2014) 13(2):303-11.
doi: 10.1007/s10237-013-0502-3

160. Fang Y, Wu D, Birukov KG. Mechanosensing and mechanoregulation of
endothelial cell functions. Compr Physiol (2019) 9(2):873-904. doi: 10.1002/cphy.c180020

161. McClatchey PM, Schafer M, Hunter KS, Reusch JE. The endothelial glycocalyx
promotes homogenous blood flow distribution within the microvasculature. Am J
Physiol Heart Circ Physiol (2016) 311(1):H168-76. doi: 10.1152/ajpheart.00132.2016

162. Yang JJ, Chen YM, Kurokawa T, Gong JP, Onodera S, Yasuda K. Gene
expression, glycocalyx assay, and surface properties of human endothelial cells
cultured on hydrogel matrix with sulfonic moiety: Effect of elasticity of hydrogel. J
BioMed Mater Res A (2010) 95(2):531-42. doi: 10.1002/jbm.a.32875

163. Zhao F, Wang R, Huang Y, Li L, Zhong L, Hu Y, et al. Elevated plasma
syndecan-1 as glycocalyx injury marker predicts unfavorable outcomes after rt-PA
intravenous thrombolysis in acute ischemic stroke. Front Pharmacol (2022) 13:949290.
doi: 10.3389/fphar.2022.949290

164. Zhang X, Wang B, Li JP. Implications of heparan sulfate and heparanase in
neuroinflammation. Matrix Biol (2014) 35:174-81. doi: 10.1016/j.matbio.2013.12.009

165. Eckmann DM, Armstead SC. Influence of endothelial glycocalyx degradation
and surfactants on air embolism adhesion. Anesthesiology (2006) 105(6):1220-7.
doi: 10.1097/00000542-200612000-00022

166. Li MH, Huang KL, Wu SY, Chen CW, Yan HC, Hsu K, et al. Baicalin attenuates
air embolism-induced acute lung injury in rat isolated lungs. Br ] Pharmacol (2009) 157
(2):244-51. doi: 10.1111/§.1476-5381.2009.00139.x

167. Peng CK, Huang KL, Wu CP, Li MH, Lin HI, Hsu CW, et al. The role of mild
hypothermia in air embolism-induced acute lung injury. Anesth Analg (2010) 110
(5):1336-42. doi: 10.1213/ANE.0b013e3181d27e90

168. Zhang K, Wang D, Jiang Z, Ning X, Buzzacott P, Xu W. Endothelial
dysfunction correlates with decompression bubbles in rats. Sci Rep (2016) 6:33390.
doi: 10.1038/srep33390

169. Zhang K, Wang M, Wang H, Liu Y, Buzzacott P, Xu W. Time course of
endothelial dysfunction induced by decompression bubbles in rats. Front Physiol
(2017) 8:181. doi: 10.3389/fphys.2017.00181

170. Lambrechts K, Pontier JM, Mazur A, Theron M, Buzzacott P, Wang Q, et al.
Mechanism of action of antiplatelet drugs on decompression sickness in rats: a
protective effect of anti-GPIIbIIIa therapy. ] Appl Physiol (1985) 2015) 118(10):1234—
9. doi: 10.1152/japplphysiol.00125.2015

171. Lautridou J, Dugrenot E, Amerand A, Guernec A, Pichavant-Rafini K, Goanvec
C, et al. Physiological characteristics associated with increased resistance to
decompression sickness in male and female rats. J Appl Physiol (1985) 2020) 129
(3):612-25. doi: 10.1152/japplphysiol.00324.2020

172. Ward CA, McCullough D, Fraser WD. Relation between complement
activation and susceptibility to decompression sickness. J Appl Physiol (1985) 1987)
62(3):1160-6. doi: 10.1152/jappl.1987.62.3.1160

frontiersin.org


https://doi.org/10.1177/1535370213506434
https://doi.org/10.1161/STROKEAHA.108.544171
https://doi.org/10.1038/jcbfm.2011.8
https:///digital.library.adelaide.edu.au/dspace/bitstream/2440/21483/2/02whole.pdf
https:///digital.library.adelaide.edu.au/dspace/bitstream/2440/21483/2/02whole.pdf
https://doi.org/10.1161/CIRCRESAHA
https://doi.org/10.1016/j.it.2007.02.006
https://doi.org/10.3389/fimmu.2019.01731
https://doi.org/10.3389/fimmu.2019.01590
https://doi.org/10.1007/978-1-4614-0106-3_11
https://doi.org/10.1182/blood-2018-11-882993
https://doi.org/10.1016/j.tmrv.2019.08.004
https://doi.org/10.1016/j.jamcollsurg.2021.03.003
https://doi.org/10.1016/j.jamcollsurg.2021.03.003
https://doi.org/10.1016/j.jss.2019.03.028
https://doi.org/10.3389/fphys.2021.660402
https://doi.org/10.3389/fphys.2021.660402
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.4161/tisb.24180
https://doi.org/10.1161/ATVBAHA.114.303422
https://doi.org/10.1161/ATVBAHA.114.303422
https://doi.org/10.1186/s13221-015-0033-z
https://doi.org/10.1002/dvdy.21472
https://doi.org/10.1161/ATVBAHA.118.310839
https://doi.org/10.1161/ATVBAHA.118.310839
https://doi.org/10.1161/ATVBAHA.119.312580
https://doi.org/10.1161/ATVBAHA.119.312580
https://doi.org/10.1253/circj.CJ-09-0583
https://doi.org/10.1016/j.bpj.2013.09.060
https://doi.org/10.1016/j.compfluid.2018.03.014
https://doi.org/10.1038/s41598-018-24041-7
https://doi.org/10.1098/rsif.2017.0780
https://doi.org/10.1016/j.sbi.2022.102330
https://doi.org/10.1042/bj3270001
https://doi.org/10.1002/wsbm.1211
https://doi.org/10.1083/jcb.149.5.995
https://doi.org/10.1096/fasebj.13.9001.s91
https://doi.org/10.1016/0021-9290(95)00102-6
https://doi.org/10.1016/0021-9290(95)00102-6
https://doi.org/10.1007/s004240000307
https://doi.org/10.1039/C3IB40199E
https://doi.org/10.1074/jbc.M113.541573
https://doi.org/10.1073/pnas.1413725111
https://doi.org/10.1007/s10237-013-0502-3
https://doi.org/10.1002/cphy.c180020
https://doi.org/10.1152/ajpheart.00132.2016
https://doi.org/10.1002/jbm.a.32875
https://doi.org/10.3389/fphar.2022.949290
https://doi.org/10.1016/j.matbio.2013.12.009
https://doi.org/10.1097/00000542-200612000-00022
https://doi.org/10.1111/j.1476-5381.2009.00139.x
https://doi.org/10.1213/ANE.0b013e3181d27e90
https://doi.org/10.1038/srep33390
https://doi.org/10.3389/fphys.2017.00181
https://doi.org/10.1152/japplphysiol.00125.2015
https://doi.org/10.1152/japplphysiol.00324.2020
https://doi.org/10.1152/jappl.1987.62.3.1160
https://doi.org/10.3389/fimmu.2023.1230049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marsh et al.

173. Thom SR, Bennett M, Banham ND, Chin W, Blake DF, Rosen A, et al.
Association of microparticles and neutrophil activation with decompression sickness.
J Appl Physiol (1985) 2015) 119(5):427-34. doi: 10.1152/japplphysiol.00380.2015

174. Workshop Panel. Final summary of recommendations: diving accident
workshop. Diving Accident Management. Bethesda, MD, US: Undersea and
Hyperbaric Medical Society (1990).

175. Moon RE, de Lisle Dear G, Stolp BW. Treatment of decompression illness and
latrogenic gas embolism. Respir Care Clin N Am (1999) 5(1):93-135.

176. Tovar EA, Del Campo C, Borsari A, Webb RP, Dell JR, Weinstein PB.
Postoperative management of cerebral air embolism: gas physiology for surgeons.
Ann Thorac Surg (1995) 60(4):1138-42. doi: 10.1016/0003-4975(95)00531-O

177. Miller JD, Ledingham IM, Jennett WB. Effects of hyperbaric oxygen on
intracranial pressure and cerebral blood flow in experimental cerebral oedema. J
Neurol Neurosurg Psychiatry (1970) 33(6):745-55. doi: 10.1136/jnnp.33.6.745

178. Mink RB, Dutka AJ. Hyperbaric oxygen after global cerebral ischemia in rabbits
reduces brain vascular permeability and blood flow. Stroke (1995) 26(12):2307- 12.
doi: 10.1161/01.STR.26.12.2307

179. Thom SR, Mendiguren I, Hardy K, Bolotin T, Fisher D, Nebolon M, et al.
Inhibition of human neutrophil beta2-integrin-dependent adherence by hyperbaric O,.
Am ] Physiol (1997) 272(3 Pt 1):C770-7. doi: 10.1152/ajpcell.1997.272.3.C770

180. Ziser A, Adir Y, Lavon H, Shupak A. Hyperbaric oxygen therapy for massive
arterial air embolism during cardiac operations. ] Thorac Cardiovasc Surg (1999) 117
(4):818-21. doi: 10.1016/50022-5223(99)70304-1

181. Peirce EC 2nd. Specific therapy for arterial air embolism. Ann Thorac Surg
(1980) 29(4):300-3. doi: 10.1016/50003-4975(10)61474-9

182. Boussuges A, Blanc P, Molenat F, Bergmann E, Sainty JM.
Haemoconcentration in neurological decompression illness. Int J Sports Med (1996)
17(5):351-5. doi: 10.1055/s-2007-972859

183. Brunner FP, Frick PG, Buehlmann AA. Post-decompression shock due to
extravasation of plasma. Lancet (1964) 1(7342):1071-3. doi: 10.1016/S0140-6736(64)
91270-X

184. Smith RM, Neuman TS. Elevation of serum creatine kinase in divers with
arterial gas embolization. N Engl ] Med (1994) 330(1):19-24. doi: 10.1056/
NEJM199401063300104

185. Smith RM, Van Hoesen KB, Neuman TS. Arterial gas embolism and
hemoconcentration. J Emerg Med (1994) 12(2):147-53. doi: 10.1016/0736-4679(94)
90691-2

186. Reasoner DK, Ryu KH, Hindman BJ, Cutkomp J, Smith T. Marked
hemodilution increases neurologic injury after focal cerebral ischemia in rabbits.
Anesth Analg (1996) 82(1):61-7. doi: 10.1097/00000539-199601000-00011

187. Pulsinelli WA, Levy DE, Sigsbee B, Scherer P, Plum F. Increased damage after
ischemic stroke in patients with hyperglycemia with or without established diabetes
mellitus. Am J Med (1983) 74(4):540-4. doi: 10.1016/0002-9343(83)91007-0

188. Lam AM, Winn HR, Cullen BF, Sundling N. Hyperglycemia and neurological
outcome in patients with head injury. J Neurosurg (1991) 75(4):545-51. doi: 10.3171/
jns.1991.75.4.0545

189. Lanier WL, Stangland K], Scheithauer BW, Milde JH, Michenfelder JD. The
effects of dextrose infusion and head position on neurologic outcome after complete
cerebral ischemia in primates: examination of a model. Anesthesiology (1987) 66(1):39-
48. doi: 10.1097/00000542-198701000-00008

190. Moon RE. Adjunctive therapy for decompression illness. Kensington, MD, US:
Fifty-Third Workshop of the Undersea and Hyperbaric Medical Society (2003).

191. Merton DA, Fife WP, Gross DR. An evaluation of plasma volume expandersin the
treatment of decompression sickness. Aviat Space Environ Med (1983) 54(3):218-22.

192. Bove AA. The basis for drug therapy in decompression sickness. Undersea
BioMed Res (1982) 9(2):91-111.

193. Qing M, Shim JK, Grocott HP, Sheng H, Mathew JP, Mackensen GB. The effect
of blood pressure on cerebral outcome in a rat model of cerebral air embolism during
cardiopulmonary bypass. ] Thorac Cardiovasc Surg (2011) 142(2):424-9. doi: 10.1016/
jjtcvs.2010.11.036

194. Ingram P, Sinclair L, Edwards T. The safe removal of central venous catheters.
Nurs Stand (2006) 20(49):42-6. doi: 10.7748/ns.20.49.42.552

195. Artru AA. Venous air embolism in prone dogs positioned with the abdomen
hanging freely: percentage of gas retrieved and success rate of resuscitation. Anesth
Analg (1992) 75(5):715-9. doi: 10.1213/00000539-199211000-00010

196. Bedford RF, Marshall WK, Butler A, Welsh JE. Cardiac catheters for diagnosis
and treatment of venous air embolism: a prospective study in man. ] Neurosurg (1981)
55(4):610-4. doi: 10.3171/jns.1981.55.4.0610

197. Bowdle TA, Artru AA. Treatment of air embolism with a special pulmonary
artery catheter introducer sheath in sitting dogs. Anesthesiology (1988) 68(1):107-10.
doi: 10.1097/00000542-198801000-00017

198. Colley PS, Artru AA. Bunegin-Albin catheter improves air retrieval and
resuscitation from lethal venous air embolism in dogs. Anesth Analg (1987) 66
(10):991-4. doi: 10.1213/00000539-198710000-00013

199. Colley PS, Artru AA. Bunegin-Albin catheter improves air retrieval and
resuscitation from lethal venous air embolism in upright dogs. Anesth Analg (1989)
68(3):298-301. doi: 10.1213/00000539-198903000-00020

Frontiers in Immunology

10.3389/fimmu.2023.1230049

200. Hanna PG, Gravenstein N, Pashayan AG. In vitro comparison of central venous
catheters for aspiration of venous air embolism: effect of catheter type, catheter tip
position, and cardiac inclination. J Clin Anesth (1991) 3(4):290-4. doi: 10.1016/0952-
8180(91)90222-9

201. Stallworth JM, Martin JB, Postlethwait RW. Aspiration of the heart in air
embolism. ] Am Med Assoc (1950) 143(14):1250-1. doi: 10.1001/
jama.1950.82910490010008

202. Eiseman B, Baxter BJ, Prachuabmoh K. Surface tension reducing substances in
the management of coronary air embolism. Ann Surg (1959) 149(3):374-80.
doi: 10.1097/00000658-195903000-00006

203. van Blankenstein JH, Slager CJ, Soei LK, Boersma H, Stijnen T, Schuurbiers JC,
et al. Cardiac depression after experimental air embolism in pigs: role of addition of a
surface-active agent. Cardiovasc Res (1997) 34(3):473-82. doi: 10.1016/S0008-6363(97)
00063-1

204. Zanatta P, Forti A, Bosco E, Salvador L, Borsato M, Baldanzi F, et al.
Microembolic signals and strategy to prevent gas embolism during extracorporeal
membrane oxygenation. J Cardiothorac Surg (2010) 5:5. doi: 10.1186/1749-8090-5-5

205. Rohlffs F, Trepte C, Ivancev K, Tsilimparis N, Makaloski V, Debus ES, et al. Air
embolism during TEVAR: liquid perfluorocarbon absorbs carbon dioxide in a
combined flushing technique and decreases the amount of gas released from thoracic
stent-grafts during deployment in an experimental setting. ] Endovasc Ther (2019) 26
(1):76-80. doi: 10.1177/1526602818819501

206. Spiess BD. Perfluorocarbon emulsions as a promising technology: a review of
tissue and vascular gas dynamics. ] Appl Physiol (1985) 2009) 106(4):1444-52.
doi: 10.1152/japplphysiol.90995.2008

207. Spiess BD. Basic mechanisms of gas transport and past research using
perfluorocarbons. Diving Hyperb Med (2010) 40(1):23-8.

208. Spiess BD. The potential role of perfluorocarbon emulsions in decompression
illness. Diving Hyperb Med (2010) 40(1):28-33.
209. Spiess BD, Braverman B, Woronowicz AW, Ivankovich AD. Protection from

cerebral air emboli with perfluorocarbons in rabbits. Stroke (1986) 17(6):1146-9.
doi: 10.1161/01.STR.17.6.1146

210. Mayer D, Ferenz KB. Perfluorocarbons for the treatment of decompression
illness: how to bridge the gap between theory and practice. Eur J Appl Physiol (2019)
119(11-12):2421-33. doi: 10.1007/s00421-019-04252-0

211. Ryu KH, Hindman BJ, Reasoner DK, Dexter F. Heparin reduces neurological
impairment after cerebral arterial air embolism in the rabbit. Stroke (1996) 27(2):303-9.
doi: 10.1161/01.STR.27.2.303

212. Wohlauer MV, Moore EE, Thomas S, Sauaia A, Evans E, Harr J, et al. Early
platelet dysfunction: an unrecognized role in the acute coagulopathy of trauma. ] Am
Coll Surg (2012) 214(5):739-46. doi: 10.1016/j.jamcollsurg.2012.01.050

213. Van Ryn-McKenna J, Merk H, Muller TH, Buchanan MR, Eisert WG. The
effects of heparin and annexin V on fibrin accretion after injury in the jugular veins of
rabbits. Thromb Haemost (1993) 69(3):227-30. doi: 10.1055/s-0038-1651585

214. Tamao Y, Yamamoto T, Kikumoto R, Hara H, Itoh J, Hirata T, et al. Effect of a
selective thrombin inhibitor MCI-9038 on fibrinolysis in vitro and in vivo. Thromb
Haemost (1986) 56(1):28-34. doi: 10.1055/s-0038-1661597

215. Clark WM, Calcagno FA, Gabler WL, Smith JR, Coull BM. Reduction of central
nervous system reperfusion injury in rabbits using doxycycline treatment. Stroke (1994)
25(7):1411-5; discussion 6. doi: 10.1161/01.STR.25.7.1411

216. Mori E, del Zoppo GJ, Chambers JD, Copeland BR, Arfors KE. Inhibition of
polymorphonuclear leukocyte adherence suppresses no-reflow after focal cerebral
ischemia in baboons. Stroke (1992) 23(5):712-8. doi: 10.1161/01.STR.23.5.712

217. McDermott JJ, Dutka AJ, Evans DE, Flynn ET. Treatment of experimental
cerebral air embolism with lidocaine and hyperbaric oxygen. Undersea BioMed Res
(1990) 17(6):525-34.

218. Mitchell §]. Lidocaine in the treatment of decompression illness: a review of the
literature. Undersea Hyperb Med (2001) 28(3):165-74.

219. Weenink RP, Hollmann MW, Zomervrucht A, van Ooij PJ, van Hulst RA. A
retrospective cohort study of lidocaine in divers with neurological decompression
illness. Undersea Hyperb Med (2014) 41(2):119-26.

220. Nakagawa T, Hirakata H, Sato M, Nakamura K, Hatano Y, Nakamura T, et al.
Ketamine suppresses platelet aggregation possibly by suppressed inositol triphosphate
formation and subsequent suppression of cytosolic calcium increase. Anesthesiology
(2002) 96(5):1147-52. doi: 10.1097/00000542-200205000-00018

221. Herzog WR, Atar D, Gurbel PA, Vogel RA, Schlossberg ML, Serebruany VL.
Effect of magnesium sulphate infusion on ex vivo platelet aggregation in swine. Magnes
Res (1993) 6(4):349-53.

222. Ganter MT, Hofer CK. Coagulation monitoring: current techniques and clinical
use of viscoelastic point-of-care coagulation devices. Anesth Analg (2008) 106(5):1366—
75. doi: 10.1213/ane.0b013e318168b367

223. Nates JL, Cattano D, Costa FS, Chelly JE, Doursout MF. Thromboelastographic
assessment of the impact of mexiletine on coagulation abnormalities induced by air or
normal saline intravenous injections in conscious rats. Diving Hyperb Med (2017) 47
(4):228-32. doi: 10.28920/dhm47.4.228-232

224. Schafer ST, Neumann A, Lindemann J, Gorlinger K, Peters J. Venous air
embolism induces both platelet dysfunction and thrombocytopenia. Acta Anaesthesiol
Scand (2009) 53(6):736-41. doi: 10.1111/j.1399-6576.2009.01947 x

frontiersin.org


https://doi.org/10.1152/japplphysiol.00380.2015
https://doi.org/10.1016/0003-4975(95)00531-O
https://doi.org/10.1136/jnnp.33.6.745
https://doi.org/10.1161/01.STR.26.12.2307
https://doi.org/10.1152/ajpcell.1997.272.3.C770
https://doi.org/10.1016/S0022-5223(99)70304-1
https://doi.org/10.1016/S0003-4975(10)61474-9
https://doi.org/10.1055/s-2007-972859
https://doi.org/10.1016/S0140-6736(64)91270-X
https://doi.org/10.1016/S0140-6736(64)91270-X
https://doi.org/10.1056/NEJM199401063300104
https://doi.org/10.1056/NEJM199401063300104
https://doi.org/10.1016/0736-4679(94)90691-2
https://doi.org/10.1016/0736-4679(94)90691-2
https://doi.org/10.1097/00000539-199601000-00011
https://doi.org/10.1016/0002-9343(83)91007-0
https://doi.org/10.3171/jns.1991.75.4.0545
https://doi.org/10.3171/jns.1991.75.4.0545
https://doi.org/10.1097/00000542-198701000-00008
https://doi.org/10.1016/j.jtcvs.2010.11.036
https://doi.org/10.1016/j.jtcvs.2010.11.036
https://doi.org/10.7748/ns.20.49.42.s52
https://doi.org/10.1213/00000539-199211000-00010
https://doi.org/10.3171/jns.1981.55.4.0610
https://doi.org/10.1097/00000542-198801000-00017
https://doi.org/10.1213/00000539-198710000-00013
https://doi.org/10.1213/00000539-198903000-00020
https://doi.org/10.1016/0952-8180(91)90222-9
https://doi.org/10.1016/0952-8180(91)90222-9
https://doi.org/10.1001/jama.1950.82910490010008
https://doi.org/10.1001/jama.1950.82910490010008
https://doi.org/10.1097/00000658-195903000-00006
https://doi.org/10.1016/S0008-6363(97)00063-1
https://doi.org/10.1016/S0008-6363(97)00063-1
https://doi.org/10.1186/1749-8090-5-5
https://doi.org/10.1177/1526602818819501
https://doi.org/10.1152/japplphysiol.90995.2008
https://doi.org/10.1161/01.STR.17.6.1146
https://doi.org/10.1007/s00421-019-04252-0
https://doi.org/10.1161/01.STR.27.2.303
https://doi.org/10.1016/j.jamcollsurg.2012.01.050
https://doi.org/10.1055/s-0038-1651585
https://doi.org/10.1055/s-0038-1661597
https://doi.org/10.1161/01.STR.25.7.1411
https://doi.org/10.1161/01.STR.23.5.712
https://doi.org/10.1097/00000542-200205000-00018
https://doi.org/10.1213/ane.0b013e318168b367
https://doi.org/10.28920/dhm47.4.228-232
https://doi.org/10.1111/j.1399-6576.2009.01947.x
https://doi.org/10.3389/fimmu.2023.1230049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marsh et al.

225. El-Boghdadly K, Pawa A, Chin KJ. Local anesthetic systemic toxicity: current
perspectives. Local Reg Anesth (2018) 11:35-44. doi: 10.2147/LRA.S154512

226. Qing L, Meng W, Zhang W, Yi HJ, Zhang K, Ariyadewa DK, et al. Benefits of
escin for decompression sickness in Bama pigs by endothelial-targeting protection.
Front Physiol (2019) 10:605. doi: 10.3389/fphys.2019.00605

227. Ericsson JA, Gottlieb JD, Sweet RB. Closed-chest cardiac massage in the treatment of
venous air embolism. N Engl ] Med (1964) 270:1353-4. doi: 10.1056/NEJM196406182702507

228. Mennim P, Coyle CF, Taylor JD. Venous air embolism associated with removal
of central venous catheter. BMJ (1992) 305(6846):171-2. doi: 10.1136/bmj

229. Storm BS, Andreasen S, Hovland A, Nielsen EW. Gas embolism during
hysteroscopic surgery?: three cases and a literature review. A Case Rep (2017) 9
(5):140-3. doi: 10.1213/XAA.0000000000000549

Frontiers in Immunology

25

10.3389/fimmu.2023.1230049

230. Sing RF, Thomason MH, Heniford BT, Miles WS, Huynh TT, Jacobs DG, et al.
Venous air embolism from central venous catheterization: under-recognized or over-
diagnosed? Crit Care Med (2000) 28(9):3377-8. doi: 10.1097/00003246-200009000-
00067

231. Andrews CM. Preventing air embolism. Am ] Nurs (2002) 102(1):34-6.
doi: 10.1097/00000446-200201000-00019

232. National Quality Forum. Serious Reportable Events in Healthcare-2011 Update:
a consensus report 2011. Washington, DC: National Quality Forum (2011).

233. Azarang A, Le DQ, Hoang AH, Blogg SL, Dayton PA, Lance RM, et al. Deep
learning-based venous gas emboli grade classification in doppler ultrasound audio
recordings. IEEE Trans BioMed Eng (2023) 70(5):1436-46. doi: 10.1109/
TBME.2022.3217711

frontiersin.org


https://doi.org/10.2147/LRA.S154512
https://doi.org/10.3389/fphys.2019.00605
https://doi.org/10.1056/NEJM196406182702507
https://doi.org/10.1136/bmj
https://doi.org/10.1213/XAA.0000000000000549
https://doi.org/10.1097/00003246-200009000-00067
https://doi.org/10.1097/00003246-200009000-00067
https://doi.org/10.1097/00000446-200201000-00019
https://doi.org/10.1109/TBME.2022.3217711
https://doi.org/10.1109/TBME.2022.3217711
https://doi.org/10.3389/fimmu.2023.1230049
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Marsh et al.
Glossary
AAE Arterial Air Embolism
ABP Arterial Blood Pressure
AGE Arterial Gas Embolism
BBB Blood-Brain Barrier
CAE Cerebral Air Embolism
CBF Cerebral Blood Flow
CINC-1 Cytokine-Induced Neutrophil Chemoattractant-1
CVP Central Venous Pressure
CX Complement Component X
DCI Decompression Illness
DCS Decompression Sickness
EC Endothelial Cell
ECMO Extracorporeal Membrane Oxygenation
ETCO, End-Tidal Carbon Dioxide
ETN, End-Tidal Nitrogen
GAG Glycosaminoglycan
HA Hyaluronan
HBOT Hyperbaric Oxygen Therapy
HR Heart Rate
HS Heparan Sulfate
HSPG Heparan Sulfate Proteoglycan
ICAM-1 Intercellular Adhesion Molecule-1
ICP Intracranial Pressure
IL Interleukin
IP; Inositol Triphosphate
IR Interventional Radiology
K Kinetics
LLD Left Lateral Decubitus
MP Microparticle
PaCO, Arterial Carbon Dioxide Pressure
PaO, Arterial Oxygen Pressure
PrrCO, End-Tidal Carbon Dioxide Partial Pressure
PFC Perfluorocarbon
R Reaction Time
ROTEM Rotational Thromboelastometry
SPO, Oxygen Saturation
SynX Syndecan X
TEG Thromboelastogram
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Continued
TEVAR Thoracic Endovascular Aortic Repair
TF Tissue Factor
TIA Transient Ischemic Attack
TNEF Tumor Necrosis Factor
TRPV Transient Receptor Potential Vanilloid
VAE Venous Air Embolism
VSD Ventricular Septal Defect
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